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Selection And Characterization of Drug-Resistant Variants of Human
Immunodeficiency Virus (96MM6759)

Abstract

A major concern in the pursuit of effective therapies for human
immunodeficiency virus (HIV) infection is the potential for HIV to develop drug
resistance. The therapeutic efficacy of all currently licensed antiretrovirals is limited
by the emergence of drug resistant HIV strains. Several promising new inhibitors of
HIV reverse transcriptase (RT) and combinations of protease inhibitors are entering
clinical trial, but inadequate information is available about the potential for HIV
resistance to these therapies. The isolation and molecular characterization of drug
resistant HIV variants that emerge in cell culture with drug selection has helped
predict both the likelihood of resistance and the types of resistant mutants that
appear in treated patients. Thus, the overall goal of this one year project was to
continue to evaluate RT inhibitors for the development of HIV resistance.

Specific aims of the project were to: 1) determine whether foscarnet resistance
mutations reverse the phenotypic effects of AZT resistance mutations, 2) complete
the molecular characterization of (-)-p-D-dioxolane guanosine (DXG) resistant
laboratory HIV-1 isolates, 3) .determine whether the K65R RT mutation in DXG-
resistant virus reverses the phenotypic effects of AZT resistance mutations, 4)
determine the cross-resistance of DXG-resistant variants to structurally related and
unrelated inhibitors, 5) produce molecularly cloned, drug-resistant viruses that
encode resistance to DDI (L74V) and DDC (K65R), and 6) attempt to isolate HIV-1
variants that are resistant to the new HIV-1 RT inhibitor (-)--L-5-fluoro-2',3'-
dideoxy, didehydro-5-fluorocytidine (L-D4FC).

Results from this one year project indicate that 1) various foscarnet resistance
mutations reverse the phenotypic effects of AZT resistance mutations, 2) DXG
resistant laboratory isolates encode the K65R or L74V resistance mutation in RT, 3)
the K65 R mutation reverses the phenotypic effects of the AZT resistance mutations
D67N, K70R, T215Y, K219Q, 4) DXG-resistant virus is cross-resistant to other
dioxolane derivatives as well as DDI and DDC, 5) molecular clones of HIV-1
encoding L74V or K65R mutations constructed by site-specific mutagenesis are
resistant to DXG, and 6) variants resistant to L-D4FC have been isolated in MT-2 cells
and encode the M184I or M184V mutation.

These accomplishments during the one year period of funding have
expanded our knowledge of HIV drug resistance and helped identify novel drug
combinations, such as AZT/foscarent and AZT/DXG, for evaluation in clinical
trials.
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Principal Investigator: Mellors, John W.

50 INTRODUCTION

5.1 Importance of HIV-1 Drug Resistance

A major concern in the pursuit of new therapies for human
immunodeficiency virus type 1 (HIV-1) infection is the potential for HIV-1 to
develop drug resistance. HIV-1 variants resistant to 3'-azido-3'-deoxythymidine
(AZT), 2',3'-dideoxyinosine (DDI) or 2',3'-dideoxycytidine (DDC) have been isolated
from patients receiving long term monotherapy with these drugs (1-4). Mounting
clinical evidence indicates that drug resistance is a predictor of poor clinical
outcome in both children and adults (5-7). The rapid development of HIV-1
resistance to nonnucleoside reverse transcriptase inhibitors (NNRTIs) has also been
reported both in cell culture and in human clinical trials (8-12). In the case of the
NNRTI L'697,661, drug-resistant HIV-1 emerged within 2-6 weeks of initiating
therapy in association with the return of viremia to pretreatment levels (12).
Breakthrough viremia associated with the appearance of drug-resistant strains has
also been noted with other classes of HIV-1 inhibitors, including protease inhibitors
(13). This experience has led to the realization that the potential for HIV-1 drug
resistance must be assessed early on in the preclinical evaluation of all new
therapies for HIV-1.

5.2 Value of In Vitro Studies To Identify Drug-resistant HIV-1

The characterization of drug-resistant HIV-1 strains that emerge in cell
culture with drug selection has helped predict both the likelihood of resistance and
the types of resistant mutants that breakthrough in treated patients (8-12,14). For
example, the rapid development of clinical resistance to the NNRTIs nevirapine
and L-697,661, resulting from a tyrosine to cysteine mutation at residue 181 of HIV-1
reverse transcriptase (RT), was predicted by in vitro selection studies (8-12). Hence,
a major goal of this project is to evaluate the potential of HIV-1 to develop
resistance to new inhibitors of HIV-1 RT in vitro drug selection studies in relevant
cell culture systems.

5.3 Known HIV-1 Drug Resistance Mutations

An increasingly complex number of mutations in HIV-1 that confer
resistance to RT and protease inhibitors have been identified through a
combination of in vitro selection studies and human clinical trials. These have
been summarized in a comprehensive table prepared by the investigators and his
colleagues (copy in Appendix). Several important points can be drawn from this
table of resistance mutations. In many instances, the resistance mutations that
were identified by in vitro drug selection studies were predictive of the mutants
that emerged in treated patients. Second, the addition of a new resistance mutation
in RT may suppress the effect of a pre-existing resistance mutation. For example,
the phenotypic effects of certain AZT resistance mutations are reversed by
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mutations that cause DDI resistance (L74V) (2), (-)-FTC/3TC resistance (M184V) (15)
or NNRTI resistance (Y181C) (16). This suggests that simultaneous resistance of
HIV-1 to several drugs may not be possible without compromise of RT function.
This was initially thought to be the case for simultaneous resistance to AZT, DDI],
and nevirapine (17), although this has been disproved (18, 19). Nevertheless,
further identification of antagonistic interactions between resistance mutations in
RT may lead to the design of more effective combination chemotherapy.

54 Combination Antiretroviral Therapy to Prevent Drug Resistance

It is now recognized that combinations of antiretroviral drugs have the
potential to delay or prevent the emergence of drug-resistant HIV-1 strains (20).
Unfortunately, strains of HIV-1 that are simultaneously resistant to three or more
RT inhibitors have been identified (18,19), and clinical trials with certain drug
combinations, including nucleosides and NNRTIs, have failed to prevent the
emergence of resistant variants (21). Additional studies are needed to determine
whether specific combinations of HIV-1 inhibitors can prevent or delay the
emergence of resistant variants. Potential antagonistic interactions between
resistance mutations will be sought by sequential selection of virus in different
drugs. The phenotypic effects of resistance to a second drug on pre-existing
resistance to the first drug will be determined. Site-specific mutagenesis will be
performed to confirm the interactive effects of mutations in RT on HIV-1
susceptibility.

5.5 The Need for a Reference Panel of Drug-resistant Isolates

The DOD/ACTG assay has become a useful tool for determining the drug
susceptibility of clinical isolates of HIV-1 (22). Studies on the frequency and
significance of AZT resistance have been facilitated by the availability of a panel of
AZT-resistant reference isolates for use as standards in the DOD/ACTG assay.
However, similar reference isolates are not available for resistance to other
antiretrovirals (e.g. DDI, DDC). This is due, in part, to the problem that many of the
infectious molecular clones of HIV-1 that have been constructed to encode specific
drug resistance mutations do not replicate consistently in peripheral blood
mononuclear cells (PBMC) and thus are not useful in the PBMC-based ACTG/DOD
assay. Stable infectious molecular clones of HIV-1 that encode resistance to single
or multiple drugs and replicate consistently in PBM cells are needed for future
clinical studies of resistance to newer antiretroviral agents. For this project, drug-
resistant infectious molecular clones of HIV-11 A1 (formerly HIV-1gry [23]) were
constructed for testing as standard reagents in the DOD/ACTG assay. The HIVy a1
clone was selected because virus derived from this plasmid replicates consistently
to high titer (>104 TCIDsg/ml) in PBM cells from random donors. Many drug-
resistant molecular clones have already been constructed and tested (see 5.6.2
below).
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5.6 Work Accomplished Prior To This Project

In prior studies, the prinicipal investigator's laboratory has determined the
molecular basis for HIV-1 resistance to several different classes of nucleoside and
nonnucleoside inhibitors of HIV-1 RT (10, 11, 14, 24, 25). Work relevant to this
project is described below:

5.6.1 Comprehensive Analysis of HIV-1 Resistance to Foscarnet

The results of these studies have been published in two manuscripts (25,26):
Mellors et al., Antimicrob Agents Chemother 1995; 39: 1087-1092 and Tachedjian et
al., Virology 1995; 212: 58-68 (copies in Appendix).

Foscarnet (phosphonoformate) inhibits HIV-1 replication in cell culture and lowers
circulating levels of p24 antigen and HIV-1 RNA in treated patients. In
collaboration with investigators at WRARI (D. Mayers, J. Weir) and the MacFarlane
Burnet Research Centre (G. Tachedjian, J. Mills), Fairfield, Australia, we
investigated whether foscarnet resistant variants of HIV-1 could be selected in vitro
or isolated from patients after receiving long term foscarnet therapy for
cytomegalovirus retinitis. HIV-1 variants exhibiting ~8-fold foscarnet resistance
were selected in cell culture by serial passage of virus in drug. In addition, five
isolates showing reduced susceptibility to foscarnet (2- to 5-fold) were isolated from
patients treated with foscarnet for greater than 3 months in the SOCA trial.

DNA sequencing of the RT gene from these viruses identified seven novel
mutations in RT associated with foscarnet resistance: W88S, W88G, E89K, L92I,
S156A, Q161L and H208Y. Four of these substitutions - W88S, W88G, Q161L, and
H208Y - were identified in one or more clinical isolates. The most common
mutation observed in the clinical isolates was W88S/G. To evaluate the relative
effects of these mutations on foscarnet susceptibility, infectious molecular clones
containing these mutations were constructed using a new proviral vector xxHIV-
1par. This vector was engineered to contain unique, silent Xmal and Xbal restriction
in the 5' and 3' ends of RT, respectively, that greatly facilitate cloning of mutant RT
genes into the provirus. Mutant recombinant viruses were tested for susceptibility
to foscarnet, AZT and nevirapine in HeLa-CD4/LacZ cells. Foscarnet susceptibilities
are shown below:

Genotype Foscarnet ICsp, uM Fold-resistance
wild-type 38+3 -

W88S 105 £ 12 2.8

E89K >600 >16

L921 298+ 10 7.9
S156A 169 +43 4.5
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Genotype Foscarnet ICs0, uM Fold-resistance
Q161L 203 + 40 5.4
Q161L/H208Y 336 + 52 8.9
H208Y 67+2 1.8

The E89K mutant was most resistant to foscarnet, but this mutation was not
observed in clinical isolates. The H208Y mutation alone had little effect on foscarnet
susceptibility, but this mutation increased the level of resistance of the Q161L
mutation. None of the mutants showed cross-resistance to nucleoside analogs (DDI
or DDC); however, the Q161L/H208 double mutant showed increased susceptibility
to AZT (7.2-fold). The increased susceptibility to AZT is of interest because several
of the foscarnet resistant clinical isolates were AZT susceptible despite having up to
four AZT resistance mutations. Further studies to examine the interactions between
foscarnet and AZT resistance mutations were completed in the current project and
are described below in Section 6.21.

5.6.2 Production of Drug-Resistant Molecular HIV-1 Clones

We have constructed several resistant infectious proviral clones of HIV-1 for
use as standards in drug susceptibility assays. Their construction has been facilitated
by the introduction of unique silent restriction sites in the HIV-1po1 proviral clone
(23) that allow efficient subcloning of the mutant viral gene of interest (RT or
protease) into the provirus. The resultant clone is termed xxHIV-1 o1. These silent
restriction sites are located at nucleotides 2172 (Xma I) and 4602 (Xba I) of HIV-1y 1.
These sites allow nucleotides 40-1470 of RT (Xma I-Xba I fragment) or the entire
protease gene (native Apa I-Xma I fragment) to be readily subcloned into HIV-11 a1
from a mutagenesis vector. The desired mutations are introduced into the RT or
protease gene by standard oligonucleotide-directed mutagenesis using the pAlter-1
vector (Promega). After subcloning the mutated fragment into xxHIV-1LAI, the
recombinant provirus (10 ug) is electroporated into T-cells (e.g. MT-2 cells) and
culture supernatant are harvested at peak cytopathic effect (~7 days). The presence of
the desired genotype is confirmed in all mutated clones by DNA sequencing and the
viral phenotype is assessed in T-cell lines and PBMC. The HIV-11 o1 proviral clone
was initially chosen because it consistently replicates to high-titer (>105 TCID5g/ml)
in T-cell lines and PBMC. Introduction of the two silent restriction sites into HIV-
1p.A1 to make xxHIV-1p A1 did not alter its replication competency as measured by p24
antigen production, infectious virus production and kinetics of syncytium
formation.

Before the current project we had constructed the following drug-resistant clones:
1) Foscarnet resistant - W88S, E89G, E89K, 1921, S156A, Q161L, or Q161L/H208Y
2) NNRTI resistant - Y181C or Y188C

3) 3TC/(-)-FTC resistant - M184V or M184I
4) AZT resistant - M41L/T215Y or D67N/K70R/T215Y /K219Q
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The foscarnet, NNRTI, and 3TC resistant virus have been shown to be
phenotypically resistant in MT-2 cell lines as well as in PBMC using the ACTG/DOD
consensus susceptibility assay. At the request of DOD investigators, DDI (L74V) and
DDC (K65R) resistant clones as well as many other clones were constructed as part
of the current project (Section 6.25).

5.6.3 Selection of HIV-1 Resistance to f-D-Dioxolane G (DXG)

(-)-B-D-dioxolane guanosine (DXG) is a potent purine nucleoside analog RT
inhibitor of HIV-1 and HBV polymerase (27-29). As part of the preclinical
evaluation of DXG, we attempted to select DXG-resistant HIV-1 variants by serial
passage of virus in increasing concentrations of drug in MT-2 cells. The starting
drug concentration was 2.5 UM (5 to 10 times the ICsp), and the starting virus
population was HIV-1y a1 that had been passaged for ten cycles in the absence of
drug. After 11 passages, reaching a selection pressure of 20 uM DXG, the virus
population exhibited ~15-fold resistance to DXG, with the ICs59 in MT-2 cells
increasing from 0.28 uM to 4.5 pM. All comparisons were made between HIV-1y A1
that had been selected in DXG and control HIV-11 a1 that had been passaged in
parallel without drug.

The full-length coding region of RT has been PCR amplified from DXG-resistant and
control virus, cloned into the PCRII TA cloning vector (Invitrogen), and analyzed by
automated DNA sequencing (ABI 373 Prism). Preliminary analysis of sequences
from two resistant and two control clones has revealed a K65R substitution in
resistant clones. This substitution in the IKKK motif of RT has been previously
reported to confer ~5-fold HIV-1 resistance to DDC and DDI and thus probably is
responsible, at least in part, for resistance to DG. Additional sequencing and site-
specific mutagenesis are necessary to confirm this initial finding. These studies
were completed during this project period. In addition, interactions between K65R
and AZT resistance mutations were investigated and are described below in Sections
6.22 - 6.24.

5.6  Purpose of Present Work

The specific aims of this one year project were to:

1. Determine whether foscarnet resistance mutations reverse the phenotypic
effects of AZT resistance mutations.

2. Complete the molecular characterization of the Dioxolane-Guanosine (DXG)-
resistant laboratory HIV-1 isolates.

3. Determine whether the K65R mutation reverses the phenotypic effects of
AZT resistance mutations.

Page 5




Principal Investigator: Mellors, John W.

4. Determine the cross-resistance pattern of DXG-resistant variants to
structurally related and unrelated inhibitors.

5. Continue to produce a reference panel of molecularly cloned, drug-resistant
viruses that replicate well in PBMC for use as standards in the DOD/ACTG
HIV-1 drug susceptibility assay. Specific clones that will be produced include
those encoding resistance to DDI (L74V) and DDC (K65R), as well as others of
interest to DOD investigators or that are needed to complete the above aims.

6. Attempt to isolate HIV-1 variants that are resistant to new HIV-1 inhibitors in
vitro drug selection in T-cell lines (MT-2). Determine the genetic basis for
inhibitor resistance by cloning and sequencing the appropriate viral gene (RT,
protease) from resistant variants to identify associated mutations. Introduce
the mutation(s) identified above into an infectious proviral clone to define
the role of each mutation in inhibitor resistance.

5.7 MILITARY SIGNIFICANCE

Effective treatment and prevention of HIV-1 infection is a goal of the Medical
Protection Against AIDS Program of the USAMRMC. The emergence of drug-
resistant HIV-1 has proven to be a significant obstacle to long term effective
chemotherapy of HIV-1 infection. Several new classes of HIV-1 inhibitors are
entering clinical trials, but information is lacking on the likelihood that resistance
will develop to many of these candidate drugs. The work proposed in this
application will address this deficiency. Characterization of the phenotype and
genotype of drug-resistant variants that arise in vitro will improve our
understanding of the molecular mechanisms of resistance and lead to more rapid
detection of resistant variants in clinical samples (e.g., by using the polymerase
chain reaction to detect the mutant viral genotype). In addition, the proviral clones
encoding specific drug resistance mutations will be useful as standard reagents in
susceptibility assays of clinical isolates. Collectively, this project should expand our
knowledge of HIV-1 drug resistance and help prioritize new therapies for
evaluation in clinical trials.

6.0 BODY

6.1 Experimental Methods

The experimental methods used are described in detail in each of the
publications that have been included in the Appendix. Brief summaries of the key
methods are provided below.

6.11 Selection of Drug Resistant Viruses

Drug-resistant variants were selected by serial in vitro passage of HIV-1f a1 in
the presence of increasing drug concentrations as described (11, 15, 32). Initial drug

concentrations were 2-10 times the ECsg (the EC50 had been determined in the MT-2
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cells used for selection). MT-2 cells were pre-incubated with drug for 2 hours before
virus challenge. A large initial viral inoculum (106 TCIDsg or greater) was used to
increase the likelihood that rare drug-resistant variants are present. MT-2 cells
were infected at a multiplicity of 0.1 TCIDsg/cell. Viral progeny that
"breakthrough" drug were collected after 7 days and used to initiate a new cycle of
infection. After each cycle, the infectivity and drug susceptibility of the
breakthrough virus was determined in comparison with the starting parental
virus. When resistance (<10% inhibition) was observed at the initial drug
concentration, the selective pressure (drug concentration) was increased 2 to 10-fold
until the level of resistance plateaued or exceeded 100-fold.

6.13 Characterization of Drug-resistant Strains

6.131 Drug Susceptibility Phenotype

The phenotype of resistant viruses was characterized in detail by repeated
dose-response assays in T-cell lines and PBMC. Resistance was defined as a 3-fold or
greater increase in IC5p compared with parental virus. Phenotypic studies also
included cross-resistance to structurally related as well as unrelated compounds.

6.132 Genotypic Analyses

To define the genetic basis for resistance, HIV-1 RT was amplified by PCR and
the product sequenced directly or after cloning using a ABI 373 Prism automated
sequencer. Direct sequencing of the PCR product quickly identified the dominant
mutations in the resistant virus population, whereas sequencing of individual
plasmid clones could identify less frequent mutations associated with resistance.

The role of specific mutations in resistance was further defined by site-specific
mutational analysis. Specific mutations were introduced into a wild-type clone of
the viral target by oligonucleotide-directed mutagenesis (37). The mutated viral
gene was subcloned into the HIV-11a7 infectious proviral clone (22) to produce
mutant virus for susceptibility testing as described (24, 25).

6.2 RESULTS

6.21 Project Aim #1: Determine whether foscarnet resistance mutations reverse
the phenotypic effects of AZT resistance mutations

In a continuing collaboration with scientists at the MacFarlane Burnet
Research Center (G. Tachedjian, J. Mills), we have investigated whether foscarnet
resistance mutations influence the AZT susceptibility of viruses that encode
different AZT resistance mutations. A comprehensive series of experiments was
performed as part of this project to evaluate the effects of all known foscarnet
resistance mutations on AZT susceptibility encoded by different sets of AZT
resistance mutations. These experiments are described in detail in the attached
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publication by Tachedjian G, Mellors JW, Bazmi HZ, et al. ] Virol 1996; 70: 7171-7181
(See Appendix). To summarize, these experiments showed that introduction of
each of the foscarnet resistance mutations W88G, E89K, L92I, or Q161L into AZT
resistant viruses (M41L/D67N/K70R/T215Y or D67N/K70R/T215Y/K219Q)
completely restored susceptibility to AZT. Two additional foscarnet resistance
mutations, W88S and S156A partially restored AZT susceptibility. Restoration of
AZT susceptibility by W88G/S, E89K, LI92I and S156A was associated with loss of
foscarnet resistance. These data suggested that resistance to foscarnet and AZT
might be mutually exclusive. This hypothesis was further supported by the inability
to isolate AZT and foscarnet co-resistant virus by serial passage in vitro. These
important findings have led to the synthesis and preclinical evaluation of prodrugs
of foscarnet-AZT dimers, in collaboration with Dr. Karl Hostetler, University of
California, San Diego (38).

6.22 Project Aim #2: Complete the molecular characterization of dioxolane-
guanosine (DXG) resistant HIV-1

As described above, an initial selection of DXG-resistant virus in wvitro
resulted in the isolation of a variant exhibiting 7.6-fold resistance to DXG. PCR
amplification, cloning and DNA sequencing of HIV-1 RT from this resistant variant
identified the K65R (AAA to AGA) mutation in all HIV-1 RT clones (10 of 10). This
mutation is in the IKKK motif of RT has been previously reported to confer low
level (<10-fold) resistance to DDC, DDI and 9-(2-phosphonylmethoxyethyl)adenine
(PMEA) in laboratory or clinical laboratory HIV-1 isolates. A second selection of
DXG-resistant virus was performed by the same procedure and resulted in the
isolation of a variant exhibiting 12.2-fold DXG resistance. Eight of 10 HIV-1 RT
clones from this variant encoded the L74V mutation that has been reported
previously to cause resistance to DDI. None of the clones from the second selection
had the K65R mutation. To confirm the role of both the K65R and L74V mutations
in DXG resistance, these were introduced separately into the xxHIV-1LAI molecular
clone. The presence of the desired mutations was confirmed by DNA sequencing.
The K65R and L74V recombinant mutants were tested for DXG susceptibility and
found to exhibit 8.7- and 4.4-fold resistance to DXG, respectively (mean of 3
experiments), thus confirming their effect on DXG susceptibility. Structural
modeling of DXG and DD], in collaboration with Dr. C.K. Chu at the Medical College
of Georgia, demonstrated that the two molecules have similar conformations,
which is consistent with both selecting for the K65R and L74V resistance mutations
in RT. The above studies are described in further detail in a manuscript that is being
submitted for publication by Bazmi et al. (See Appendix).

6.23 Project Aim #3: Determine whether the K65R mutation reverses the
phenotypic effects of AZT resistance mutations.

Although the K65R mutation in HIV-1 RT has been described previously, its

potential interaction with other mutations had not been investigated. We therefore
introduced the K65R mutation into wild-type and AZT resistant xxLAI proviral
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clones. The AZT resistant clone encoded four AZT resistance mutations: D67N,
K70R, T215Y and K219Q. The AZT and DXG susceptibilities of the resulting viruses
were tested in MT-2 cells. As detailed in Table I in the attached manuscript by
Bazmi et al., the K65R mutation completely reversed the phenotypic effects of the
four AZT resistance mutations, restoring AZT susceptibility ~50-fold to wild-type
levels (AZT IC50 of 0.004 pM). The degree of DXG resistance conferred by the K65R
mutation was decreased slightly from 8.7-fold in the wild-type genetic background
to 5.0-fold in the AZT resistant background. Similar studies with L74V showed that
this mutation only partially reversed AZT resistance from 48.0-fold to 6.3-fold. In
addition, the L74V mutation conferred ~4-fold DDI resistance in both wild-type and
AZT resistant genetic backgrounds. These studies are the first to identify the
antagonistic interaction between K65R and AZT resistance mutations and suggest
that the combination of DXG with AZT may have advantages.

6.24 Project Aim #4: Determine the cross-resistance pattern of DXG-resistant
variants to structurally related and unrelated inhibitors

Extensive studies of the cross-resistance patterns of DXG-resistant virus were
performed (3 independent dose-response for each drugs). The results of these
studies are shown in Table 2 in the attached manuscript by Bazmi et al. To
summarize, the recombinant DXG-resistant virus encoding the K65R mutation
exhibited cross-resistance to DDI (3-fold), DDC (3-fold), D4T (3-fold), 3TC (>14-fold),
PFA (3-fold), PMEA (>4-fold) and the dioxolane derivatives (-)-B-D-2-amino-6-
chloropurine dioxolane [DCAPD] (3.7-fold), (-)-B-D-aminopurine dioxolane [DAPD]
(4.5-fold) and D-dioxolany-5-flurocytosine [DDFOC] (7.7-fold). In contrast, DXG
resistant virus showed increased susceptibility to AZT (3-fold), which is consistent
with the antagonistic interactions between DXG and AZT resistance mutations
described above.

6.25 Project Aim #5: Continue to produce a reference panel of moleculary, cloned
drug resistant variants

As part of these investigations the following drug resistant molecular clones
have been produced:

1) AZT resistant; M41L/T215Y and D67N/K70R/T215Y/K219Q (4XAZT)

2) Foscarnet/AZT: W88S/4XAZT, E89G/4XAZT, E89K/4XAZT, L92I/4XAZT
S156A /4XAZT, Q161L/4XAZT and Q161L/H208Y/4XAZT

3) DXG resistant: K65R and L74V

4) DXG/AZT: K65R/4XAZT, L74V /4XAZT

These viruses replicate well in PBMC and CD4+T-cell lines and are available
to DOD investigators on request.
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6.26 Project Aim #6: Isolate HIV-1 variants resistant to new RT inhibitors

Because of the limited duration of the project (1 year) and the extensive work
accomplished above, we were able to evaluate only one new compound, (-)L-5-
fluoro-dideoxydidehydrocytidine [L-FD4C], for in vitro resistance. This compound
has the same L- enantiomeric configuration as 3TC and (-)-FTC, which are known to
rapidly select for the M1841/V mutations in RT, as described by our laboratory (14)
and others (15). We hypothesized that the L-configuration would be more
important than the sugar or base composition in determining the HIV mutants that
arose. Using our standard selection procedure in MT-2 cells, HIV exhibiting high-
level resistance (>30-fold; IC50 >10 uM) to L-FD4C was isolated after 4 serial passages
in increasing drug concentration. DNA sequence analysis of passage 4 revealed a
mixture of and M184I (dominant) and M184V mutations. Sequencing of passage 10
virus showed only the M184V mutation and disappearance of the M184I mutant.
This is consistent with prior reports of 3TC and (-)-FTC resistance, in which the
M184I variants arise first but is replaced by the more fit and more resistant M184V
variant. Testing of L-FD4C against recombinant HIV-1 encoding M184V confirmed
that this mutation confers high-level resistance. These studies support the
hypothesis that the stereochemistry of certain nucleoside analogs is the dominant
determinant of the resistance mutations that are selected.

7.0 CONCLUSIONS

During the 12 month period of funding, significant progress has been made on each
of the specific aims of the project and most of the aims have been completed. We
have performed and published a comprehensive analyses of the interactions
between foscarnet and AZT resistance mutations (Tachedjian et al., J Virol 1996;
70:7171-7181 - copy in Appendix). These studies support the hypothesis that
resistance to AZT and foscarnet are mutually exclusive and suggest a new strategy
for combination antiretroviral therapy using prodrugs of AZT/foscarnet dimer that
is being pursued (38).

We have also completed studies characterizing HIV-1 variants that are resistant to
Dioxolane Guanosine (DXG). Resistance to DXG can result from a K65R or L74V
mutation in RT. Cross-resistance studies indicate that DXG resistant exhibits
resistance to DDI, DDC and other dioxolane derivatives but not AZT. Mutational
interaction studies led to the discovery that the K65R mutation reverses the
phenotypic effects of multiple AZT resistance mutations. These observations
suggest that DXG should be used in combination with AZT but not other
dideoxynucleosides such as DDI, DDC or PMEA that exhibit cross-resistance. These
findings are summarized in a manuscript to be submitted by Bazmi et al. (copy in
Appendix).
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In completing these studies we have expanded the panel of drug-resistant molecular
clones that can be used as standards in drug-susceptibility assays such as the PBMC-
based ACTG/DOD consensus assay or in discovering drugs against resistant viruses.

In conclusion, significant accomplishments during the one year period of funding
has expanded our knowledge of HIV drug resistance and helped identify novel drug
combinations, such as AZT/foscarnet and AZT/DXG, for evaluation in clinical
trials.
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RESISTANCE

TABLE

Mutations in retroviral genes associated
with drug resistance

Raymond F Schinazi, Brendan A Larder and John W Mellors

The emergence of drug-resistant variants of HIV continues
to be of prime interest in the fields of HIV disease
pathogenesis and antiretroviral chemotherapy. Drug
resistance is the inevitable consequence of incomplete
suppression of HIV replication. The rapid replication rate
of HIV and its inherent genetic variation lead to the
generation of a seemingly limitless number of viral variants
that exhibit drug resistance. The growing number of drug
resistance mutations listed in this revised table stands as a
testimony to the genetic flexibility of HIV. When the first
resistance table was published in 1994 (International
Antiviral News 2(5):72-75), only 42 different mutations
were listed. This new update lists 144 mutations, a 250%
increase over a 3 year period. The revised table includes
resistance profiles for 80 different compounds. Sections
include nucleoside and non-nucleoside reverse

Resistance Tally () = mutation not unique to this drug class

transcriptase resistance, pyrophosphate analogue
resistance, binding/fusion inhibitor resistance, multidrug
resistance and drug resistance mutations that arise in other
retroviruses (FIV and SIV).

The reader should be reminded that the mutations
described are predominantly found in clade B virus and
not in other HIV genotypes. We will continue to improve
and update the table and provide it in a searchable mode
on the World Wide Web in the very near future. We urge
the readership to provide amendments or additions to the
table. These may be sent to any of the authors. Data
formatted as in the table with an appropriate reference
(abstract or paper) would be welcomed.

to this class

HiV-1: 144 distinct mutations Siv FIV
Nucleosides NNRTI Pyrophosphate Protease Fusion/Binding MDR
analogues Inhibitors Inhibitors ’
M4IL L74v wW88G R8Q R22A A2V K65R V471
K65R L741 w8ss R8K 184S (V751) MI184v D3H
D67N V75L EB9G LIOF SII3N F77L QisIM P156S
T695D (V751 E89K Liol S134N Fl16Y 3 total MI83T
K70E A98G L921 Liov Fl45L QI5IM 4 total
K70R KIOIE SI56A LIOR N188K R2[1K
L74v K10ti QlélL K20M K26%E L214F
V75T KI101Q H208Y K20R N270s G333D
YII5F Liool 8 total L231 R272T G333E
Mig4l KI103N all unique L24] S274R 9 total
MI84T KI103Q to this class L24V Q278H 8 unique to
Mi84v K103R No. drugs: | D30N 1288V this class
P119S K103T V321 N293D
Y215C VI06A L33F N293H
T2ISF ViosL M36l A297T
T215Y Vioel K451 N323S
K219E V108! M46F G332E
K219Q EI38K M46i N35ID
L21ow TI391 M46L P385L
19 total GI4IE M46V R387I
all unique V179D 147V Q410E
to this class VI79E GA48v S433P
No. drugs: 12 Yi8iC 150v V457!
YI18il 154L AS550T
Y188C 154V Né633D
Y188L D60E L7625
Y188H Le3p 26 total
Hl8sL A7IT all unique
Vi8Il A7V to this class
GI90A G738 No. drugs: 5
GI90E V751
G190Q V771
GI190T P8IT
P225H 1827
E233V V82A
P236L V82F
K238T V82l
37 total V825
36 unique ' V8T Total number of compounds: 80
to this class 184A
No. drugs: 41 184V
N88D
N88s
L90M
L97v
45 total
all unique




RESISTANCE TABLE

Compound  Amino Codon In In -Fold Cross- Comments Reference
acid change vitro vive resistance resistance
chan e ( fold)
e HIVELES 7 o e . . "
NUCLEOSIDE RT INHIBITORS
AZT M41L ATGto TTG ? Y 4 M41L/T215Y: 60-70-fold; (1-3)
(zidovudine) or CTG ? Y KG67N/K70R/T215Y/K219Q: 120-fold; M41 L/K67N/
DG67N  GACto AAC Y Y K70R/T215Y: 180-fold. Effect of T215Y is reversed (1-3)
K70R AAAtOAGA Y Y " by a ddI mutation (L74V), NNRTI mutations -3
(L1001;Y181C) or (-)FTC/3TC mutations (M1841/V)
1210W TTGtoTGG Y Y Ni Mutation arises after prolonged AZT therapy in the 4-7
context of mutations M41L and T215Y. Enhanced
resistance (4-fold) with M41L/D67N/K70R/T215Y
T215Y ACCtoTAC Y Y M41L/D67N/K70R/T215Y or (1-3,8-10)
T215F ACCtoTIC ? Y M411/K70R/L210W/T215Y/K219Q and (1-3
K219Q AAAt0CAA 7 Y M41L/DG7N/T215Y/K219Q: AZT-resistance-
associated (1-3)
K219E AAAtoGAA Y N mutations arising on ddI or d4T monotherapy,
respectively (1-3)
ddl KG65R AAAtOAGA Y Y 4-10 ddC Infrequently observed in patients receiving ddI or ddC (11)
(didanosine) L74V ~ TTA to GTA N Y 5-10 ddC Can reverse effect of T215Y AZT mutation (12)
V75T GTAtoACA Y Y ddC; d4C (13)
M184V ATGtoGTG Y Y 2-5 ddC; 3TC;(-)}FTC Rarely observed in patients receiving ddI 14
ddC K65R AAAtoAGA Y Y 4-10 Observed in patients receiving ddl or ddC (11,15)
(zalcitabine) T69D  ACT to GAT N Y 5 16)
L74V TTA to GTA Y 5-10 a2
V75T GTAtoACA Y Y S 13,17
M184V ATGto GTG Y Y 2-5 ddl; 3TC; (-)»FTC (14)
Y215C TTCtoTGC N Y 4 Arises on background of T215Y AZT resistance (18)
d4T V75T GTAtoACA Y Y 7 ddI; ddC; d4C; Observed with d4T selection in vitro, rarely in (13,17)
(stavudine) (-)-FTC patients receiving d4T
DXG KG5R AAAtOAGA Y ? 8 ddC; PMEA,; Reverses AZT resistance in D67N/K70R/T215Y/
K219Q (19,20)
3TC; background
other dioxolane
derivatives
174V TTAtoGTA Y ? 12 [€4V)]
L-FddC M184V ATGto GTG Y ? >100 3TC; ()FTC (¢3)]
FddA P119S CCCtoTCC Y ? 4 F-ddI (1.9) 2)
(-)-FTC M184V ATGto GTG Y 7 >100 3TC M184V can suppress effects of AZT mutations (23,24)
PMEA KGSR AAAtOAGA Y 7 7-25 3TC (19-40); ddC  KG65R suppresses resistance to AZT (25,26)
(4-15); ddI (3-10);
K70E AAAtoGAA Y Y 9 3TC (7); PFA: 2-fold (27,28)
hypersusceptibility
PMPA KG65R AAAtoAGA Y ? 3-5 (e2)]
1592U89 K65R AAAtOAGA Y N 3 ddl; ddC; (30,31)
L74V  TTAtoGTA Y N 4 ddl; ddC (30,31
Y115F TATtoTIT Y N 2 (30,31
M184V ATGto GTG Y N 2-5 3TC; ddJ; ddC KGS5R/L74V and/or Y115F with M184V: 10 fold 32
KG65R/M184V: 8-fold; L74V/M184V: 9-fold (30,31)
resistance; L74V/Y115F/M184V: 11-fold
3TC M184V ATGtoGIG Y Y >100 ddl; ddC; ()-FTC  M184V and M184I can suppress effects of AZT (23,24,33)
(amivudine) or GTA Y Y resistance mutations; GTA seen in MT-2 cells in culture
M184T ATGtoACG Y 7 Reduced replication capacity and RT activity for (34,35
M1841 ATGtoATA Y Y all variants (23,24,33.34.

36)




RESISTANCE TABLE

Compound  Amino Codon In In -Fold Cross- Comments Reference
acid change  vitro vivo resistance resistance
‘ change ‘ (-fold)
HIV-1-SPECIFIC RT INHIBITORS = =37 w7 o oo -
AAP-BHAP  GI90E GGAtoGAA Y ? (37,38)
(U-104489)
BHAP KIOIE AAAt0oGAA N Y K103N and Y181C observed with monotherapy; (39,40)
U-87201E KI103N AAAt0AAC N Y K101E, Y188H, E233Y and K238T observed with [€))
(atevirdine) YI181C TATtoTGT N Y U-87201E/AZT combination therapy (€3))]
Y188H TATtoCAT N Y G2
E233V GAAtoGTA N Y (E€2))
P236L CCTtoCTT Y N “n
K238T AAAt0ACA N Y 3G»
BHAP L100I  TTAto ATA Y ? (42,43)
U-88204E VIO6A GTAtoGCA Y ? 43)
YI18IC TATtwTGT Y ? 43)
Y1811 TGTtoATT Y Y Appeared after treatment of Y181C-mutated virus with (44)
BHAP; high-level resistance to BHAP, nevirapine and
TIBO; observed in one nevirapine-treated patient
BHAP KIO3N AAAto AAC ? Y K103N/Y181C seen separately and in combination in  (45)
U-90152 K103T AAAt0ACA 7 Y patients (45)
(delavirdine) Y181C  TATtwo TGT ? Y
P236L. CCTtoCTT Y Y Sensitizes RT ~10-fold to nevirapine, TIBO “4n
R82913 and L-697,661
BM+51.0836 Y181C TATto TGT Y 4 (46)
Calanolide A T1391 ACAt0ATA Y ? >70 Not other NNRTIs “n
8-Chloro- K101E AAAto GAA ? Y (48)
TIBO K103N AAAto AAC ? Y (48)
K(R91767)
DMP 266 L1001 TTAtOATA Y 7 8-11 Combination of sequential mutations needed for 49-51)
(L-743,726) high-level resistance
KIOIE AAAtOGAA Y ? <8 6D
K103N AAAtoAAC Y ? 67
V1081 GTAtoATA Y ? L1001/V108I: 1,000-fold (49,50)
V179D GTTto GAT Y ? L100I/V179D/Y181C: 1,000-fold (49,50)
Y181C TATtoTGT Y ? 4 (49-51)
YI88L TATtoTTA Y ? 1,000 Gh
E-EBU Y181C TATtoTGT Y ? (52)
E-EBU-dM VI06A GTAWGCA Y ? (52)
E-EPSeU Y181C TATwTGT Y ? >50 Y188C is the predominant mutation for E-EPSeU; (53)
Y188C TATtoTGT Y ¢ >250 Y188C confers greater resistance than Y181C
E-EPU Y181C TATtoTGT Y ? >95
Y188C TATtoTGT Y ? >250 Y188C confers greater resistance than Y181C (53)
HBY 097 L74V  TTAtoGTA Y ? For V75I, a compensatory effect on RT activity
was found (6TY)
L741 TTAto ATA Y ?
V751 GTAtoATA Y ?
V75L GTAtoTTA Y ?
V106l GTAt0ATA Y Appears under lowered drug concentration selection (55)
VIO6L GTAtoTTA Y (56)
V1891 GTAt0oATA Y ? 2 Other NNRTIs (2-6) GH
GI90E GGAtoGAA Y ? Other NNRTIs Reduces enzymatic activity of RT and viral replication (57)
competency
G190Q GGAtoCAA Y ? Other NNRTIs Appears exclusively in connection with a V179D
change (6T))
G190T GGA to? Appears under lowered drug concentration selection (55)
HEPT P236L CCTtwoCTT Y ? (58)
YI188C TATtoTGT Y ? (52)
L-697,593 K103N AAAtoAAC Y ? 20 K103N/Y181C: > 1,000-fold 6]
Y181C TATtoTGT Y ? >100 (59




N »
RESISTANCE TABLE
Compound  Amino Codon In In -Fold Cross- Comments Reference
acid change vitro vive resistance resistance
s ChANgE (-fold)
CHIVEIZSPECIFIC RT INHIBITORS ‘continued : i
1-697,661 A98G GCAtoGGA N Y 8 (60)
L100I TTAtoATA Y N 2 (60)
K101E AAAtoGAA N Y 8 60)
K103N AAAtoAAC Y Y 8 K103N and Y181C most common with monotherapy (60,61)
Ki103Q AAAtoCAA N Y 8 ©D
V1081 GTAtoGCA Y Y 4 (60)
V179D GTTtoGAT N Y 4 60)
V179E GTTtoGAG N Y 8 (60)
Y181C TATtoTGT Y Y >30 (60,61)
Loviride K103N AAAtoAAC Y Y 62
(R89439, V1081 GTAtoATA Y ? 62)
o-APA) Y181C TATto TGT ? Y 63)
Y188H/L TAT to CAT/ ? Y 63)
CIT
G190A GGAtoGCA 7?7 Y 649
a-APA Y181C TATtoTGT Y ? (65)
R18893
(loviride
analogue)
MKC442 K103N AAAtoAAC Y Y 66)
({-EBU) K103R AAAtO? Y Y Most commonly seen in vivo ()
V1081 GTAtoGCA Y Y
E138K GAGto AAG Y N Obtained in the concomitant presence of low 3TC (68)
concentrations
Y1811 TATtoATT Y N 1,000 All NNRTIs 68)
Y181C TATto TGT 7 Y ()
Nevirapine A98G GCAtwwGGA N Y 69
L1001 TTAtoATA N Y 70
K103N AAAtoAAC N Y 70
V106A GTAt0GCA Y Y ~100 No effect on AZT resistance (42,69-71)
V108l GTAtoATA N Y 70)
Y181C TATwoTGT Y Y >100 Other NNRTIs Can suppress effects of AZT mutations (59,69,72,73)
vi811 TGTtoATT N Y Highlevel Observedin
one patient (74)
Y188C TATtoTGT N Y 70
G190A GGAtoGCA N Y (D))
NSC 648400 Y181C TATto TGT Y ? 160 Other NNRTIs (58)
(E-BPTU)
$-2720 G190E GGAtoGAA Y ? Mutation decreases RT activity and viral replication as)
(Quinoxaline) competency
V106A GTAtoGCA Y ? Also seen with L1011 and Y181C 76)
P225H CCTtoCAT Y ? Double or triple mutant resistant to MKC442 76)
TIBO
R82150 L1001 TTAtoATA Y 2 >100 Can reverse effects of AZT mutations (77-79)
TIBO L1001 TTAtoATA Y ? an
R82913 KI103N AAAtoAAC Y 7 >100 (42)
VI06A GTAtoGCA Y ?  ~100 an
V108I GTTtoGAT N Y >100 R82150 (> 100) (80)
E138K GAGtoAAG Y ? Found in combination with L1001 78
V179D GTTtoGAT N Y 20 R82150 (20) Untreated patient 81
Y181C TATtoTGT Y 7 >100 K103N/Y181C: > 1,000-fold an
Y188H TATtoCAT Y ? - 78)
Y188L TATtoTTA N Y 81
Trovirdine K101Q AAAtoCAA Y ? Found in combination with V108I (82,83
K103R AAAtoAGA Y ? Nevirapine; K103R/V179D: 500-fold (82,83)
9-chloro-TIBO
V108 GTAtoATA Y ? (82,83)
V179D GTTto GAT Y ? Found in combination with K103R or Y181C (82,83)
Yi81C TATtoTGT Y ? Nevirapine; V179D/Y181C: > 1,000-fold (82,83)
9-chloro-TIBO




RESISTANCE TABLE

Compound  Amino Codon In In -Fold Cross-
acid change  vitro vivo resistance resistance
; : change T ...
" HIV-1-SPECIFIC RT INHIBITORS continued "~ ™" 77" 7 7o
TSAO E138K GAGto AAG Y 7 >100
uc-10 KI0IE AAAtoGAA Y ?
(645129) K103N  AAAt0 AAC Y N 5
V179D GTTto GAT Y ? 16
Y181C TATtoTGT Y ?
UC-16 K1011  AAAt0OATA Y N 10
G141E GGG to GAG Y N
uC-32 Y181C TATtoTGT Y ? 38
(645542)
Uc-38 KIOIE AAAtWGAA Y N
(88, 89)
(629243) G190E GGAtoGAA Y N
Y181C TATtoTGT Y ?  8-149 Other NNRTIs
UcC-42 K103T AAAtOACA Y N 100
UcC-57 KIOIE AAAtoGAA Y ?
(647014) Yi81C TATtoTGT Y ?
UC-68 L1001 TTAto ATA Y ? 70
(638532) Y181C TATtoTGT Y ? 5
Uuc-69 VIOGA GTAtoGCA Y ?
(646989) Y181C TATtoTGT Y ?
UC-70 L1001 TTAto ATA Y ? 758
(638534)
UC-80 Y181C TATtoTGT Y ? 18
(639475)
uc-81 K103N AAAt0AAC Y ? 40
(615727) Y181C TATtoTGT Y ? 53
uC-82 E138K GAGtoAAG Y ?
VIOGA GTAWGCA Y ? 13
UcC-84 L1001 TTAto ATA Y ? > 40, > 33 Other NNRTIs
(615985) EI38K GAGto AAG Y ? >100 TSAOs
Y181C TATto TGT Y ? >118
UC-781 L1001 TTAto ATA Y 220
PROTEASE INHIBITORS
A-77003 R8Q CGAtoOCAA Y ? 10

R8K CGAtoO AAA Y [ L]

V321 GTAto ATA Y ? 7 (enzyme resist.)
M46I1 ATGto ATA Y ?

M46L.  ATGtoTTC Y 2 2-3 (enzyme resist.)
M46F  ATGtoTTC Y ? 4 (enzyme resist.)
M46V  ATGto GTG Y ?

G48V GGG to GTG Y ?

A7V GCTtwGTT Y ?

V821 GTCto ATC Y ?

V82A GTCtoGCC Y ?

Comments Reference
E138A (GAG to GCG) in TSAO-naive patients (84-86)
confers TSAO viral resistance
K101E/Y181C: 200-fold 87

(88)

(88)

@87
K101I/G141E: 10-fold (88)

(88)

87

K101E/G190E: > 100-fold; cross resistance to: TSAO-m3T,

Nev, TIBO R82913, BHAP U88204; susceptible to

L697,661

1697,661
(87, 90)
(88)

K101E/Y181C: 58-fold @87
87

(88)
@7

V106A/V181C: 166-fold @7
87

@87

@7

(88,91)

Activity of UC-82 versus L1001, K103N, V106A, E138K, (92, 93)
Y181C and Y188L reduced by 2-, 6-, 1.5-, 2-, 4- and 92)
200-fold, respectively, compared to wild type

47, 87)
(88, 99)
87
Activity of UC-781 versus L1001, K103N, V1064, 92, 93)
E138K, Y181C and Y188L reduced by 2-, 7-, 1.5-, 1.5-,
5- and 150-fold, respectively, compared to wild type
(95, 96)
95)

V321 appears first; progression to V32I/M46V and V321(96, 97)
/M4G6V/AT1V/V82A occurs even in the absence of drug
No effect on susceptibility but improves replication  (95)
competency of R8Q mutant
96)
96)
(CX)
R8K/M461/G48V: 20-fold 98
O7)
No resistance atone but V321 and V82I are synergistic (96)
mutations yielding 20-fold enzyme resistance

Rare; seen with M4GF (97 OO




RESISTANCE TABLE

Compound  Amino Codon In In -Fold Cross- Comments Reference
acid change  vitro vivo resistance resistance
change
[ PROTEASE INHIBITORS continued e v
[82T ATCtoACC Y ? G48V/182T: 100-fold o9
(82T was derived from in vitro passage of 82
A-75925 V32l GTAtoATA Y ? 40 (100)
ABT-538 K20R AAGtoAAA N Y 82A/ 54V/1/ 361/ 20K/R: 41-fold (101-104)
(ritonavir) L33F TTAtoTIC N Y
M36I ATGtoATA N Y 82T/ 54V/ 71V/ 361 8-fold
M461 ATGoATA Y Y
154L ATCto? N Y
154V ATCtoGTC N Y 82T/ 54V: 9-fold
A71V  GCTtoGTT Y Y 82T/ 54V/ 71V/A/ 36M/1/ 20K/R: 28-fold
V82F GTCtoTIC Y Y V82F/184V: 8- to 10-fold (10D
V82A GTCtoGCC N Y 2 n vivo, V82 occurs first, often followed by changes at
V82T GTCtoACC N Y 3 154, A71 and M36; V82T has reduced replication
v828 GICtoTCC N Y 6 efficacy in natural background
184V ATAtoGTA Y Y M4G6I/L63P/A71V/V82F/184V: 27-fold (101)
L9OM TIGtATG N Y 82A/ 54V/1/ 71V/ 90L/M: 7-fold
AG1343 D30N GATtOAAT Y Y D30N/A71V: 7-fold (105, 106)
(nelfinavir) ~ M306I Y M461/L63P/A71V/184V: 30-fold
M461 ATGtoATA Y ? D30N and N88D are most common in vivo after 24
L63P  CTCto CCC Y weeks of therapy; they do not cause cross-resistance
A71V  GCTtwo GTT Y ? 5 to other protease inhibitors
V771 Y Y
184V ATA to GTA ?
N88D Y Y
LOOM TIGtoATG N Y Rare in vivo (105)
BILA 1906 V32 GTAtoATA Y Ro 31-8959 (200)  V32I/A71V: 3-fold (107-109)
BS M461  ATGtoATA Y ? L 735,524 (60) V321/A71V/M461/184V: 500-1,000-fold (107-109)
M46L  ATGto TTG Y p1/p6 cleavage site mutation (L to F (CTT to TTT)
at P1); p7(NC)/p1 cleavage site mutation (QtoR
(CAG to CGG) at P3, A to V (GCT to GTT) at P2V) (107-109)
A71V  GCTtoGTT Y ? ’ (107-109)
844 ATAtoGCA Y 7 (107-109)
184V ATAGTA Y 7 (107-109)
BILA 2011 V32l GTAtoATA Y ? 1200 BILA 1906 (1400); Other mutations found in second locus p1/p6 (109)
(palinaviry ~ A71V  GCTwo GIT Y ? BILA 2185 (30);
I84A ATGtoATA Y ? Ro 31-8959 (400); 184A is the most common mutation
L63P CICtoCCC Y ? L 735,524 (50)
BILA 2185 BS L23I CTAtoATA Y ? Ro 31-8959 (50); p1/p6 cleavage site mutation (L to F(CTT to TTT) at P1?); (107)
1-735,524 (80) p7(NC)/p1 cleavage site mutation (Q to R (CAG to CGG)
at P3, A to V (GCT toGTT) at P2V); L231/V321/M46l/
147V/154M/A71V/184V:1300-fold
BMS 186,318 A71T GCTt0ACT Y ? A71T/V82A: 15-fold (110, 111)
V824 GTCtoGCC Y 7 A-77003 (4) G48V/AT1T/V82A in vitro breakthrough with (111, 112)
sequential treatment with saquinavir
DMP 450 LIOF CTCtoTTC Y ? Probably compensatory (113, 114)
M46lI  ATGtoATA Y ? Probably compensatory (113, 114)
DGOE GATtoGAA Y ? Probably compensatory (113, 114)
184V ATAt0GTA Y ? S1 subsite (113, 114)
KNI-272 V321 GTAtoATA Y 7 2 V32I/M461/184V (SDM): 37-fold; 115)
V321/L33F/K451/F53L/A71V/184V/L89M (SDM):
130-fold
MK-639 L10I CTCtoATC ? Y 116)
(1-735,524, LIOR CTCtoCGC N Y XM-323 (15); M461/L63P/V82T: 4-fold; Qir7n
indinavir) LIOV CTCto GTC ? Y A-80987 (4), (116)
K20M AAGtoATG ? Y VX-478 (8); (116)
K20R AAGIoAAA 7 Y Ro-31-8959 (8); 116
1241 TTAtoATA ? Y $C-52151 (8 116)
V32l GTAtOATA Y ? V32I/M4G6L/V82A: 3-fold ©8)
M461 ATGtoATA N Y L10R/M461/L63P/V82T: 4-fold (117-119)
M46L ATGtoTIG Y Y V321/M4GL/A71V/V82A: 14-fold 98)
154V  ATCtoGTC ? Y (116)




RESISTANCE TABLE

Compound

P9941

Ro 31-8959
(saquinavir)

RPI-312

SC-52151

SC-55389A

SKF108842

SKF108922

VB 11,328

VX478
(141W94)

XM323

Amino

acid

change

" PROTEASE INHIBITORS continged ™~ ™

L63P
A71T
A71V
G73$

V82A
V82F
V82T
184V
L9OM

V82A

L101
G48V

154V
154V
G738
V82A
184V
LOOM

184V

L24V
G48V
A71V
V751

P8IT
V82A
N88D

L10OF
N88S

V82T
184V

V82A
V82T

LIOF
M461
147V
150V
184V

L10F
M461
147V
150V
184V

L10F
K451
M46L
V82A

V82l

V82F
184V

L97v

Codon
change

CTC to CCC
GCT to ACT
GCT to GTT
GGT to GCT

GTC to GCC
GTCto TTC
GTC to ACC
ATA to GTA
TTG to ATG

GTCto GCC

CTC to ATC
GGG to GTG

ATC to GTC
ATA to GTA
GGT to AGT
GTC to GCC
ATA to GTA
TTG to ATG

ATA to GTA

TTA to GTA
GGG to GTG
GCT to GTT
GTA to ATA
CCT to ACT
GTC to GCC
AAT to GAT

CTC to CGC
AAT to AGT

GTC to ACC
ATA to GTA

GTC to GCC
GTC to ACC

CTC to GGC
ATG to ATA
ATA to CTA
ATT to GTT
ATA 10 GTA

CTC to CGC
ATG to ATA
ATA to CTA
ATT to GTT
ATA to GTA

CTCto CGC
AAA 10 ATA
ATG to CTG
GTC to GCC

GTCto ATC

GTC to TTC
ATA to GTA

TTA to GTA

In

In

-Fold

Cross-

vitro vivo resistance resistance

v < 2

~ZZ

o

h L <

s

< <

P e e

<l

<

I R R RO e R

-~

-

R

Vv v

R Y

6-8

10-20

20

Nil
Nil

<2

12

SC55389A,
Ro 31-8959;
not L-735,524

Not SC-52151
Not SC-52151

P9941; not
A-77003
or Ro 31-8959

Comments Reference
L10R/M461/1L63P/V82T/184V: 8-fold (117)
(116)
(98)
Found 77 vivo in all post-indinavir treatment (120)
sequences
(98, 121)
(116)
117
(117)
Most common mutation in vivo (116, 120)
(122)
Found in combination with G48V in vivo (123)
G48V/LIOM/I54V: > 50-fold (subtype B or O) (124, 125)

No back mutation seen in absence of drug at passage 26
Seen at high frequency in patients receiving higher

monotherapy doses (126)
In subtype B (124, 125)
In subtype O
Found in combination with LOOM, A71V or L101 (160)
Seen only in the presence of G48V ' (127, 128)
98
G48V/LI9OM: >100-fold enzyme resistance; (124)
double mutant rare iz rivo; L9OM most
common in vivo; G48V/184V/LOOM: 30-fold (98)
(129)
G48V/V82A, G48V/L63P/V82A or I54T: 10- (130, 131)
to 20-fold ) (130, 131)
A71V/V751/P81T: 20- to 30-fold (130, 131)
L24V/G48V/A71V/V751/P81T: 1000-fold (130, 131)

N88D or 111V/M46I/F53L/A71V/N88D:10- to 20-fold

, (130, 131)
N88S/L10F: 10-fold (130, 131)
132)
L10F/184V: 8-fold (133)
150V/M461/147V: 20-fold (98, 133)
98)
(134)
(135)
L10F/V82A: 2-fold (136)
L10F/K451/184V: 50-fold (98)
(136)
V82A/M4GL: 7-fold; V82A/M46L/LO7V: (136)
11-fold
(136)
(136)
V82F/I84V: 92-fold (98, 136)

No resistance alone; V82A/L97V: 3-fold (136)




RESISTANCE TABLE

Compound  Amino Codon In In -Fold Cross- Comments Reference
acid change  vitro vivo resistance resistance

“ PYROPHOSPHATE ANALOGUE RT INHIBITORS ™™™ 7

Foscarnet w88G TGGtoGGG Y Y 5 Hypersusceptibility Observed in isolates exposed to both AZT and PFA; (137, 138)
(PFA) to AZT completely suppresses effects of AZT mutations in
genetic backgrounds M41L/D67N/K70R/T215Y and
M41L/K70R/T215Y while conferring 3.5- to 4.7-fold
PFA resistance

w88S TGGtoTCG N Y 2-4 Wild-type Partially suppresses (by 8-fold) effects of AZT (137, 139)
susceptibility mutations in genetic background
to AZT M41L/DG7N/K70R/T215Y while losing resistance to

E89G GAAt0OGGA Y N 14 PFA Isolated by screening RT clones for ddGTP (140)

E89K GAAOGGA Y N >16 resistance (138)

1921 TTAtoATA Y N 8 (138)
S156A TCAWGCA Y N 45 (138)
QI16IL CAAWCTIA Y Y 5 (137)
H208Y CATtoTAT Y Y 2 Q161L/H208Y: 9-fold; increased 137

susceptibility to AZT (100-fold), nevirapine (20-fold)
and TIBO R82150 (30-fold); Q1611L/H208Y reverses
effects of AZT mutations D67N, K70R,

T215Y and K219Q

“ FUSION/BINDING INHIBITORS ™

? $113N/5134N/K269E/Q278E/N293D/N323S/R387L: (141, 142)
250-fold; 113 is in the V1 loop region

V2 loop region

V3 loop region

V3 loop region

V3 loop region

C3 region

CD4 binding region

Dextran S113N  AGT to AAT

sulphate (DS)
S134N  AGCto AAC
K269E AAA to GAA
Q278H CAG to CAT
N293D AAT to GAT
N323S  AAT to AGT
R3871 AGA to ACA

okl

Combination of Combination of mutations: 95- to 792-fold (143, 1449)
mutations:

DS (1-8);

JM-3100: (5-22)

JM-2763 S274R  AGT to AGA
Q278H CAG to CAT
1288V ATA to GTA
A297T GCAto ACA
P385L CCA to CTA

R s ]

Combination of Combination of mutations: 2- to 100-fold (143, 144)
mutations:

JM-2763 (> 500);

DS (> 7 to 6,667)

JM-3100 F145L TTCto TTA
(AMD-3100) N270S  AAT to AGT
R272T AGA to ACA
§274R  AGT to AGA
Q278H CAGto CAC
1288V ATA to GTA
N293H AAT to CAT
A297T GCAto ACA
P385L CCA to CTA
Q410E  CAA to GAA
$433P TCCto CCC
V4571  GTA to ATA

D D S R e R e R e

RPR103611 R22A AGGto? ? No changes in gp120; R22A and 184S seen only in gp4l

(145)

184S ATCto? ? (145)

SiamycinI  N188K  AAT to AAA N188K/G332E/N351D/A550T/N633D/L762S: 9-fold (146)
G332E  GGA to GAA
N351D  AAT to GAT
A550T GCCto ACC
N633D  AAT to GAT
L762S TTG to TCG

D

(UTTIPLE DRUG RESISTANCE (COMBINATIONS) ™™™ "7 =

AZT + AG2V  GCCtoGTC N Y Nil Associated with 75, 77, 116 & 151 (147, 148)
ddl/ddC V751 GTAtoATA N Y Nil Associated with 77, 116 & 151 (147, 148)
F77L TTCto CTC N Y Nil Associated with 75, 116 & 151 (147, 148)
F116Y TTTtoTAT N Y Nil Associated with 75, 77 & 151 (147, 148)




RESISTANCE TABLE

Compound Amino Codon In In -Fold Cross-
acid change  wvitro vivo resistance resistance
change (-fold)

Comments

Reference

" MULTIPLE DRUG RESISTANCE {COMBINATIONSY continted T 772

0 ik i

Amino acids: A, alanine; C, cysteine; D, aspartate; E, glutamate; F,
phenyalanine; G, glycine; H, histidine; 1, isoleucine; K, lysine; L, leucine; M,
methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine;
T, threonine; V, valine; W, tryptophan; Y, tyrosine.

1592U89: (15,4R)-4-[(2-amino-6-cyclopropyl-amino)-9H-purin-9-yl]-2-
cyclopentene-1-methanol succinate (a carbovir analogue; GlaxoWellcome),
3TC: (—1-2',3'«lideoxy-3"-thiacytidine (GlaxoWellcome); a-APA R18893:
a-nitro-anilino-phenylacetamide; A-77003, A-75925 and A-80987: C,
symmetry-based protease inhibitors (Abbott Laboratories), AAP-BHAP:
bisheteroarylpiperazine analogue (Pharmacia & Upjohn); ABT-538: C2
symmetry-based protease inhibitor (Abbott Laboratories); AZdU: 3azido-
2’ 3"dideoxyuridine; AZT: 3"-azido-3’<dcoxythymidine (GlaxoWellcome);
AZT-p-ddl: 3-azido-3-deoxythymidilyl(5’,5")-2",3'-dideoxyinosinic acid
(lvax); BHAP: bisheteroarylpiperazine; BILA 1906: N-{15-[([3-[25-{(1,1-
dimethylethyl)amino) carbonyl}-4R-] 3-pyridinylmethylthio]-1-piperidinyl]-2R-
hydroxy-15<(phenylmethyl)propyl]amino]carbonyl]-2-methylpropyl}-2-
quinolinecarboxamide (Bio-Mega/Bocehringer Ingelheim); BILA 2185: N-
(1, 1-dimethylethyl)-1-[25-{(2-2,6-dimethyphenoxy)-1-oxocthyl}Jamino])-2R-
hydroxy-4-phenylbutyl]4R-pyridinylthio)-2-piperidine-carboxamide (Bio-
Mega/Boehringer Ingelheim); BM+51.0836: thiazolo-isoindolinone
derivative; BMS 186,318: aminodiol derivative HIV-1 protease inhibitor
(Bristol-Myers Squibb); d4API: 9-{2,5-dihydro-5{phosphonomethoxy)-2-
furanel]adenine (Gilead Sciences); d4C: 2.3'-didehydro-2’,3"-
dideoxycytidine; d4T: 2°,3'-didehydro-3’-deoxythymidine (Bristol-Myers
Squibb); ddC: 2’,3'dideoxycytidine (Roche); ddl: 2’,3"dideoxyinosine
(Bristol-Myers Squibb); DMP 266: a 1,4-dihydro-2H-3,1-benzoxazin-2-one;
DMP 450: {[4R(4-2,5-3,6-8,7-b)]-hexahydro-5,6-bis(thydroxy)-1,3-bis(3-
amino)phenyl}methyl)4,7-bis(phenylmethyi)-2H-1,3-diazepin-2-one}-
bismesylate (Avid Therapeutics); DXG: (--f-D-dioxolane-guanosine; EBU-
dM: 5-ethyl-1-ethoxymethyl-6<3.5-dimethylbenzyl)uracil; E-EBU: 5-cthyl-1-
ethoxymethyl-G-benzyluracil; DS: dextran sulphate; E-EPSeU: 1-
(ethoxymethyl){6-phenyiselenyl)-5-ethyluracil; E-EPU: 1{ethoxymethy)-(6-
phenvl-thio)-S-ethvluracil; FIV: feline immunodeficiency virus: FddA:2’-

Q15IM CAGto ATG N Y AZT (10) Pivotal MDR mutation (first to occur and is then found (147-149)
in association with various of the other four mutations);
ddl/ddC (5) AG2V/VTSI/F77L/F116Y/Q151M: AZT 190-fold;
ddl 50-fold; ddC 20-fold; d4T > 10-fold
AZT + 3TC R211K AGGto AAG ? Y M184V/R211K/L214F confers high level resistance to (17,150,151)
L214F CTTtoTIT ? Y both AZT and 3TC
G333D GGCto? Y Y Standard AZT mutations + R211K + L214F
G333E GGCto? Y Y Standard AZT mutations + G333E/D (151)
SIVM« NG SR S AN G PR s kbl s Sbab R S o ¥ VN i gy ! :: “‘””ﬁﬁ
NUCLEOSIDE RT INHIBITORS
AZT Q151M CAG to ATG ? Y >100 ddl; ddC; d4T; 3TC (161
(-)FTC M184V ATGtoGTG Y ? Q2D
PMPA K65R  AAAtOAGA ? Y 5 3TC (80),; K65R appears first, followed by N69S and 1118V: (152-154)
ddl; ddC; d4T; 5-fold. Observed changes at NG9S, NG9T, R82K, [118V,
PMEA A158S and S211N do not result in increased resistance.
FIV ae T R T R L b v S sy o s B 49 IR T R Y B R B i T, D e AR ST *f"f’f',ﬁ“"“!‘!i
NUCLEOSIDE RT INHIBITORS
d4T V471 GTA10ATA Y 7 4-6 PFA (> 50); (155)
AZT; ddI; PMEA
ddC D3H GATto CAT Y ? 4 ddl; PFA (156)
()FTC M183T ATGtoACG Y ? 10 ddC Corresponds to 184 in HIV; (157,158)
M183V made by SDM: 10-fold resistance to 3TC or
C)FTC
3TC P156S CCAtoTCA Y ? 7 AZT (4), (159)
AZT + 3TC (6)
Abb reviations thiacytidine (Triangle Pharmaceuticals); HBY 097: (5)4-

isopropoxycarbonyl-6-methoxy-3<{methylthio-methyl)-3.4-
dihydroquinoxalin-2(14)-thione; HEPT: 1-{(2-hydroxyethoxy)methyl]6-
(phenylthio)thymine; HIV-1: human immunodeficiency virus type 1
JM2763: 1,1'(1,3-propanediyl)-bis-1,4,8,11-tetraazacyclo-tetradecane
(Johnson Matthey); JM3100 (Also known as AMB3100): 1,1-(1,4-
phenylenebis{methylene)]bis<(1,4,8,11-
tetraazacyclotetradecane)octahydrochloride dihydrate Johnson Matthey);
KNI-272: (25,35)-3-amino-2-hydroxy-4-phenylbutyric acid-containing
tripeptide; L-697,593: 5-ethyl-6-methyi-3(2-phthalimido-ethyDpyridin-
2(1H)yone; 1-697,661: 3-{[(-4,7-dichloro-1,3-benzoxazol-2-yhmethyllamino}-
S-ethyl-6-methylpyridin-2(1H)}one; L-FDDC: (-)}-f-L-5-fluoro-2’,3"dideoxy-
cytidine; L-FDOC: (---L-5-fluoro-dioxolane cytosine; MK-639: hydroxy-
aminopentane amide HIV-1 protease inhibitor (Merck & Co); MKC442: 6
benzyl-1-ethoxymethyl-5-isopropyluracil (-EBU; Triangle
Pharmaceuticals/Mitsubishi); nevirapine: 11cyclopropyl-5,11-dihydro-4-
methyl-6H-dipyridol{3,2-b:2’3’<] diazepin-6-one (Boehringer Ingelheim);
NNRTI: non-nucleoside reverse transcriptase inhibitor; NSC648400: 1-
benzyloxymethyl-S-ethyl-6<(alpha-pyridylthio)uracil (E-BPTU); P9941: (2-
pyridylacetylllePheAla-y(CHOH))2 (Dupont Merck); PFA:
phosphonoformate (foscarnet; Astra); PMEA: 52
phosphonylmethoxyethyl)adenine (Gilead Sciences); PMPA: (R)-9-(2-
phosphonyl-methoxypropyDadenine (Gilead Sciences); Ro 31-8959:
hydroxyethylamine derivative HIV-1 protease inhibitor (Roche); RPI1-312: 1-
[(35)-3{n-alpha-benzyloxycarbonyl)}l-asparginyl)}-amino-2-hydroxy-4-phenyl-
butyryl]-n-tert-butyl--proline amide (peptidyl protease inhibitor); RT:
reverse transcriptase; $-2720: 6-chloro-3,3-dimethyl-4{isopropeny}-
oxycarbonyl)-3,4-dihydro-quinoxalin-2(1f)thione; SC-52151:
hydroxyethylurea isostere protease inhibitor (Searle); SC-55389A:
hydroxyethyi-urea isostere protease inhibitor (Searle); SDM: Site-directed
mutagenesis; SIV: simian immunodeficiency virus; TIBO R82150: (+){55)
4,5,6,7-tetrahydro-5-methyl-63-methyl-2-butenyl)y-imidazo(4,5,1-jk} [1,4]-
benzodiazepin-2(1 H)-thione (Janssen), TIBO 82913 (+)(55)4,5.6,7.-
tetrahydro-9-chloro-5-methyl-6-(3-methyl-2-butenyl)y-imidazo-{4,5,1-jk]-

11 .41benzo-diazepin-2(1Hxthione (lanssen) TSAO-m>T- 12" 8" bic-O(tert-
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pentofuranosyl-V*-methylthymine; U-90152: 1-[3-[¢k-methylethyl)}-amino]-2-
pyridinylH-[(5-[(mcthylsulphonyl)anﬁnol-lﬂ-indol-Zyl]carbonyl]-
piperazine; UC: thiocarboxanilide derivatives (Uniroyal Chemical Co): UC-
781: N-{4-chloro-3-(3-methyl-2-butenyloxy)phenyl)-2-methyl-3-furan-
carbothioamide; UC-82: N-[4-chloro-33-methyl-2-butenyloxy)phenyl]-2-
methyl-3-thiophenc-carbothioamide; VB 11,328: hydroxyethyi-
sulphonamide protease inhibitor (Vertex Pharmaceuticals), VX-478:
hydroxyethylsulphonamide protease inhibitor (Vertex Pharmaceuticals);
XM 323: cyclic urea protease inhibitor (DuPont Merck).
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Editorial

continued from page 122

An important new clinical development is the discovery
that a significant number of HIV-infected individuals
treated with triple combinations of anti-AlDS drugs now
experience infection flares caused by hepatitis B and C
virus. All these new developments emphasize the need to
develop antiviral agents or combined modalities that are
effective against HIV as well as HBV (and HCV). Careful
prospective viral load, genotyping, and clinical monitoring
of these individuals during and after antiviral therapy is
critical.

Clearly the search must continue for novel compounds
with anti-HIV activity and improved treatment strategies.
In this issue scientists at Hybridon describe the use of the
burgeoning, yet relatively new, technology of antisense
oligonucleotides for targeting viral diseases. It is

ancnnraging thar a numhar nf rarefully decioned

oligonucleotides are already in the clinic. Antisense
technology offers great promise of becoming an important
approach for combating HIV and related infections. As the
number of diseases defined at the genetic level increase,
this technique will offer potentially highly specific ways to
interrupt selectively the most vulnerable genetic targets.
The use of antisense technology in combination with
current antiviral agents for HIV and HBV could become
an important “dead viruses don't mutate” strategy.

Raymond F Schinazi
Comments are welcomed at rschina@emory.edu
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Foscarnet (phosphonoformic acid) is a pyrophosphate analog that inhibits the replication of human immu-
nodeficiency virus type 1 (HIV-1) in vitro and in patients with AIDS, HIV-1 resistance to foscarnet has not been
reported despite long-term foscarnet therapy of AIDS patients with cytomegalovirus disease. We therefore
attempted to select foscarnet-resistant HIV-1 in vitro by serial endpoint passage of virus in 400 pM foscarnet.
After 13 cycles of passage in MT-2 cells, virus exhibiting =8.5-fold foscarnet resistance was isolated. The
reverse transcriptase (RT) from resistant virions exhibited a similar level of foscarnet resistance in enzyme
inhibition assays (~10-fold resistance). Foscarnet-resistant virus showed increased susceptibility to 3’-azido-
3’-deoxythymidine (90-fold) and to the HIV-1-specific RT inhibitors TIBO R82150 (30-fold) and nevirapine
(20-fold). DNA sequence analysis of RT clones from resistant virus revealed the coexistence of two mutations
in all clones: GIn-161 to Leu (CAA to CTA) and His-208 to Tyr (CAT to TAT). Sequence analysis of six clinical
HIV-1 isolates showing reduced susceptibility to foscarnet revealed the Tyr-208 mutation in two, the Leu-161
mutation in one, and a Trp-88-to-Ser or —Gly mutation in four isolates. Site-specific mutagenesis and
production of mutant recombinant viruses demonstrated that the Leu-161, Ser-88, and Tyr-208 mutations
reduced HIV-1 susceptibility to foscarnet 10.5-, 4.3-, and 2.4-fold, respectively, in MT-2 cells. In the erystal
structure of HIV-1 RT, the GIn-161 residue lies in the oE helix beneath the putative deoxynucleoside triphos-
phate (ANTP) binding site. The GIln-161-to-Leu mutation may affect the structure of the dNTP binding site
and its affinity for foscarnet. The location of the Trp-88 residue in the B5a strand of HIV-1 RT suggests that
the Ser-88 mutation affects template-primer binding, as do several mutations that affect RT susceptibility to
nucleoside analogs.

Foscarnet (trisodium phosphonoformic acid) is a pyrophos-
phate analog that inhibits the polymerases of diverse DNA and
RNA viruses, including herpes simplex viruses, varicella-zoster
virus, cytomegalovirus (CMV), hepatitis B virus, influenza vi-
rus, human immunodeficiency virus type 1 (HIV-1), and other
retroviruses (for a review see reference 26). Foscarnet is li-
censed and widely prescribed for the treatment of CMV reti-
nitis in patients with AIDS. It is also the current drug of choice
for acyclovir- or ganciclovir-resistant herpesvirus infections
(6). Several clinical trials have demonstrated that foscarnet has
antiretroviral activity in vivo (5, 7, 12, 29). In an early trial of
foscarnet for the treatment of CMV retinitis, Reddy et al. (29)
observed sustained reductions in serum HIV-1 p24 antigen
levels for a median of 16 weeks after initiation of foscarnet
therapy. In a more recent study of foscarnet as primary therapy
of HIV-1, reductions in serum p24 antigen were observed in all
patients who received at least 1 week of foscarnet therapy (7).
This direct antiretroviral effect of foscarnet has been cited as
an explanation for the survival advantage observed with fos-

* Corresponding author. Mailing address: 403 Parran Hall, Gradu-
ate School of Public Health, University of Pittsburgh, 130 DeSoto St.,
Pittsburgh, PA 15261. Phone: (412) 624-8512. Fax: (412) 383-8926.
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carnet in a recent comparative trial of foscarnet versus ganci-
clovir for the treatment of CMV retinitis (36).

Resistance of clinical HIV-1 isolates to foscarnet has not
been reported despite its long-term administration to patients
with AIDS (39). Moreover, there are no published reports of
isolation of foscarnet-resistant HIV-1 variants by in vitro se-
lection. This is notable, given that HIV-1 has developed resis-
tance to all other selective reverse transcriptase (RT) inhibi-
tors in clinical use (for a review see reference 4). The absence
of such reports prompted the present study, in which we sought
to isolate foscarnet-resistant HIV-1 variants in vitro and to
determine whether resistance can develop in treated patients.

MATERIALS AND METHODS

Chemicals. Nevirapine (11-cyclopropyl-5,-11-dihydro-4-methyl-6H-dipyridol
[3,2-b:2",3'-¢]diazepin-6-one) was provided by Boehringer-Ingelheim, Inc. (Ridge-
field, Conn.). TIBO R82150 [(+)-(5S)-4,5,6,7-tetrahydro-5-methyl-6-(3-methyl-
2-butenyl)imidazo[4,5,1-jk]benzodiazepin-2(1H)-thione] was obtained from K.
Parker (Brown University, Providence, R.L). 2',3'-Dideoxycytidine was pur-
chased from Pharmacia, Inc. (Piscataway, N.J.). 2',3’-Dideoxyinosine and 2',3'-
didehydro-3'-deoxythymidine were provided by Bristol-Myers Squibb (Walling-
ford, Conn.). Foscarnet (phosphonoformic acid) and all other chemicals were
purchased from Sigma Chemical Company, St. Louis, Mo. Stock solutions (10
mM) of the antiviral compounds were prepared in sterile water or dimethyl
sulfoxide, stored at —20°C, and diluted in medium to the desired concentration
immediately before use.
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Cells, MT-2 cells (AIDS Rescarch and Reference Reagent Program. National
Institute of Allergy and Infectious Discases. National Institutes of Health: con-
tributed by D. Richman) were cultured in RPMI 1640 (Whittaker M. A, Bio-
products, Walkersville, Md.) with 50 TU of penicillin per ml, 50 pg of strepto-
mycin per ml, 2 mM c-glutamine, 10 mM HEPES (N-2-hydroxyethylpiperazine-
N'-2-cthanesulfonic acid) buffer, and 1097 fetal bovine serum (JRH Bioscicnces.
Lenexa, Kan.). HT4LacZ-1 cells (kindly provided by J.-F. Nicolas, Pasteur In-
stitute, Paris, France) were cultured in Dulbecco modified Eagle medium with
10% fetal bovine serum, antibiotics, and 400 pg of gencticin (Gibeo, Grand
Island, N.Y.) per ml. Human peripheral blood mononuclear cells (PBMC),
isolated from healthy HIV-1-scronegative donors. were activated with phytohe-
magglutinin (10 pg/ml; Difco Labs, Detroit. Mich.) for 3 days before HIV-1
infection. PBMC were maintained after infection in RPMI 1640 supplemented
with 10% interleukin-2 (Cellular Products. Buffalo, N.Y.). 1077 fetal bovine
scrum, 2 mM r-glutamine. and antibiotics.

Viruses. Stock preparations of HIV-1, 5, (formerly HIV-1;,,) were prepared
by electroporation of MT-2 cells (107) with 10 pg of plasmid DNA encoding the
HIV-1 4, infectious proviral clone (27) as described previously (25). Culture
supcrnatants were harvested at the peak of viral cytopathic effect. which occurred
5 to 7 days after transfection. This plasmid-derived virus was passaged for 10
weekly cycles as cell-free virus in MT-2 cells before the selection of foscarnet-
resistant virus was begun, The infectivity of all virus preparations was determined
by threefold endpoint dilution in MT-2 cells (six cultures per dilution). The 507
tissue culture infective doses (TCIDg,) was calculated with the Reed and
Muench equation (30). Repeated titrations of the same virus stock are repro-
ducible to within +0.2 log,, TCIDs/ml.

Selection of resistant viruses. Sclection of resistant virus was performed by
cndpoint dilution passage of virus in foscarnet as follows. MT-2 target cells were
pretreated for 2 h with 400 pM foscarnet. distributed into 96-well tissue culture
plates at a density of 10* cells per well. and cultured in 200 pl of medium with
drug. Individual culture wells were inoculated with 10 pl of serial threefold
dilutions of HIV-1, 4, and examined daily for the development of viral eytopathic
effect (giant syncytium formation). The fowest viral inoculum (highest virus
dilution) that produced syneytia in 400 pM foscarnet was considered the end-
point. Supernatant from the endpoint well(s) was harvested. centrifuged (800 X
g for 10 min), and added to 10° MT-2 cells pretreated with 400 uM foscarnet to
expand the breakthrough virus. Supernatant from the expansion culture was
harvested at the peak of viral cytopathic effect (5 to 7 days). clarified by centrif-
ugation (800 X g for 10 min), and used to initiate a new cycle of endpoint ditution
passage. Expansion of the breakthrough virus was necessary for the first six
endpoint passages; without expansion the breakthrough virus could not be suc-
cessfully passaged in 400 WM foscarnet. After cach passage, virus was evaluated
for resistance by determining the reduction in viral infectivity by 400 pM fos-
carnct (22, 23).

Patient HIV-1 isolates. HIV-1 clinical isolates were obtained from paticents
enrolled in the Study of Ocular Complications in AIDS trial (36). This trial was
a double-blind comparison of foscarnet and ganciclovir for the treatment of
CMV retinitis. HIV-1 isolates were obtained after 3 or more months of therapy.
HIV-1 was isolated at the University of Minnesota HIV Laboratory (by K.
Sannerud, A. Erice, and H. Balfour, Ir.) by coculture of patient PBMC samples
with phytohemagglutinin-activated normal donor PBMC as described previously
(10). No pretrcatment HIV-1 isolates were available for comparison. Twelve
isolates from patients with no history of foscarnet therapy were used as controls.

Antiviral susceptibility determinations. Antiviral susceptibility of laboratory
HIV-1 strains was determined in MT-2 and HT4LacZ-1 cells. Testing of clinical
isolates was performed in PBMC.

(i) MT-2 cells. Drug inhibition of HIV-1 cytopathic effect and drug inhibition
of p24 antigen production were quantitated in separate assays. For cytopathic
effect inhibition assays, cells were inocutated at a multiplicity of infection (MOI)
of 0.1 TCIDs, per cefl and distributed into triplicate wells of 96-well plates (10°
cells per well) containing serial twofold dilutions of drug. Complete killing of
control cclls that were not drug treated occurred by day 7 of infection. Cell
viability was quantitated on day 7 by the MTT (3-[4,5-diamethylthinzol-2-y1]-2.5-
diphenyltetrazolium bromide)-dye reduction method (16). For p24 inhibition
assays, MT-2 cells were inoculated at an MOT of 0.01 TCIDs, per cell. washed.
and distributed into triplicate wells of 48-well plates at a density of § X 10% cells
per well in 0.5 ml of medium containing drug dilutions. After 7 days, culture
supernatants were harvested and assayed for p24 antigen by a commercial en-
zyme immunoassay (Dupont, NEN Products, Wilmington, Del.).

(ii) HT4LacZ-1 cells. Drug inhibition of syncytium formation was performed
as described previously (32) with modification. Cells were seeded into 96-well
plates (3 X 10? cells per well) and allowed to adhere overnight. Fresh medium
containing twofold drug dilutions was added. and cach well was inoculated with
50 to 100 syncytivm-forming units of virus. After 72 h, cells were fixed with 0.5
gluteraldehyde, washed with phosphate-buffered saline, and stained with S-bro-
mo-4-chloro-3-indolyl-B-galactopyranoside (X-Gal) as described previously (32).
Syncytia containing five or more blue nuclei were counted in six separate wells
per drug dilution,

(iii) PBMC. Clinical HIV-1 isolates were expanded and assayed for drug
susceptibility in phytohemagglutinin-stimulated PBMC according to the consen-
sus protocol developed by the AIDS Clinical Trials Group and the Department
of Defense (13).

ANTIMICROB., AGENTS CHEMOTHIR,

TABLE 1. Progressive in vitro resistance to foscarnet

HIV-1 infectivity (log,, TCID/mb)"

Passage
no. Without With foscarnet Log,
foscarnet (400 pM) reduction”

0 6.1 2.6 35

1 4.2 2.7 1.5

2 4.6 37 0.9

3 4.3 3.7 0.6

13 5.8 5.2 0.6

¢ Number of passages in 400 pM foscarnet. Passage 0 was the starting prep-
aration of HIV-1, ..

P Infectivity was determined by serial threefold endpoint dilutions in MT-2
cells (six cultures per dilution). Standard deviations for multiple titrations of the
same virus were <0.2 log,, TCID/ml.

< Calculated by subtracting the infectivity titer in the absence of foscarnet from
that in the presence of 400 pM foscarnct.

For all susceptibility assays. the drug concentration that inhibited viral repli-
cation by 5077 (ECs,) was calculated by lincar regression analysis of Tog,-lincar
plots of drug concentration versus pereent inhibition of viral eytopathic effeet,
syncvtium formation, or p24 antigen production.

RT assays. Virus was pelleted from cefl culture supernatants and lysed to
release RT as deseribed previously (35). RT assays were performed with
reaction mixture containing 100 mM Tris HCI (pH 8.0), 50 mM K1, 2 mM
MgCl.. 0.05 U of poly(rA),-oligo(dT),>  template-primer per ml, and | pM
[FH]ATTP (specific activity, 28.5 Ci/mmol). Bovine serum albumin at a final
concentration of 100 pg/mbwas used in the RT assay mixture to stabitize the viral
enzyme. RT assays were performed in the presence and absence of serial dilu-
tions of foscarnet.

Cloning and DNA sequencing of HIV-1 RT. For laboratory strains, the full-
length coding sequence of HIV-1 RT was PCR amplificd from infected ccll
lysates as deseribed previously (22.23). The 1.7-kb PCR product was ligated into
the PCRITTA cloning vector (Invitrogen. San Dicgo. Calif.) and transfected into
Escherichia coli INVaF'. Transformants were sereened for the 1.7-kb insert by
digestion with EcoRL Plasmid DNA from appropriate clones was purificd (Qia-
gen Inc.. Chatsworth. Calif.) and sequenced by dideoxynucleotide chain termi-
nation with Sequenase kit no. 70770/ (UL.S. Biochemical. Cleveland, Ohio). A set
of six primers was used to sequence the entire RT gene (23).

For clinical isolates, DNA was extracted from infected PBMC cultures and an
810-bp DNA segment encompassing codons 0 to 250 of RT was amplificd by
PCR with the following primers: 4+, 5-CTGTTGACTCAGATTGGCTGC
ACT-3.and —, 5" TCATTGACAGTCCAGCTGTC-3" (20). The PCR product
was purificd by using Elutip columns (Schicicher and Schuell, Keene, N.I1) and
cloned into the PCRII vector as deseribed above. Sequencing was performed
with fluorescent dye terminators (Applicd Biosystems, Foster City, Calif.) and
Taq polymerase. At least two separate clones were sequenced per isolate.

Production of mutant recombinant HIV-1. Oligonucleotide-directed mutagen-
esis and cloning of mutant RT genes into the pXXHIV-1, ) proviral clone were
performed as described previously (25). pXXHIV-1, 4 contains two unique
silent restriction sites in the 5" and 3" ends of RT to facilitate cloning of mutated
RT genes into the provirus. Infectious recombinant virus was produced by elec-
troporation of MT-2 cclls with 10 pg of proviral DNA as described previously
(25). Culture supernatants were harvested at peak cvtopathic effect, which oc-
curred 5 to 7 days after electroporation. The presence of the desired mutations
was verified by direet sequencing of PCR-amplificd RT from infected cell lysates
(Promega fmol DNA sequencing kit no. 70770).

RESULTS

In vitro selection of foscarnet-resistant HIV-1. To dctermine
whether HIV-1 variants with reduced susceptibility to foscar-
net could be selected in vitro, HIV-1, 1, was repcatedly pas-
saged in MT-2 cells in the presence of 400 uM foscarnet. After
cach passage. virus was screened for altered foscarncet suscep-
tibility by determining the log,, reduction in viral infectivity by
400 pM foscarnct. Table 1 shows that viral susceptibility to
foscarnct decreased with cach passage for the first 3 passages
but then did not decline further with 10 additional passages.
Scparate passage of virus in higher foscarnet concentrations
(500 and 600 pM) also did not incrcase the level of resistance
(data not shown). Susceptibility testing of virus in MT-2 cells
after 13 passages in 400 pM foscarnet showed that the ECg, of
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TABLE 2. Susceptibility of foscarnet-resistant HIV-1 to
other antiretroviral agents in MT-2 cells

ECs, for HIV-1; 5, (uM)*

Compound Diﬂererlce
Parental Fos.carne’:t (fold)
resistant’
Foscarnet 70.6 + 10.0 =600 =8.5
AZT 09+022 0.01=*001 0.01
2',3'-Didehydro-3'-deoxy- 13.4 +23 7.4 0.1 0.50
thymidine
2',3'-Dideoxyinosine 154+ 1.7 13552 0.90
2',3'-Dideoxycytidine 40+ 1.7 2.6 = 0.1 0.60
Nevirapine 02=x005 0.01=0.01 0.05

TIBO R82150 0.06 £0.02 0.002 = 0.001 0.03

“ Drug susceptibilities were determined in MT-2 cells as described in Materials
and Methods. Target cells were infected at an MOI of 0.05. Data shown are
means =+ standard errors for at least three separate determinations performed in
triplicate.

b After 13 passages in 400 pM foscarnet.

¢ ECs, for resistant virus divided by ECs, for parental HIV-1 4.

foscarnet had increased to =600 uM (Table 2). This was a
=8.5-fold increase in ECs, compared with control HIV-1, ;.
Foscarnet concentrations above 600 wM could not be tested
because of inhibition of MT-2 cell growth. The control HIV-
1; 47 used in these comparisons had been passaged in parallel
for 13 cycles in the absence of foscarnet.

The replication competency of foscarnet-resistant virus was
compared with that of control HIV-1, 4;. MT-2 cells were
infected with the viruses (MOI = 0.01) in the presence and
absence of 300 wM foscarnet, and p24 antigen production was
measured every 2 to 3 days. In the absence of foscarnet, resis-
tant virus and control HIV-1; ,; replicated equally well: p24
antigen levels on days 5, 7, 9, and 12 postinfection were 7.3,
32.6, 55.3, and 49.8 ng/ml, respectively, for resistant virus, com-
pared with 9.5, 17.0, 22.4, and 41.8 ng/ml, respectively, for
HIV-1, ;. In the presence of foscarnet, replication of resistant
virus was inhibited only partially (peak p24 antigen level = 24.7
ng/ml), whereas inhibition of control HIV-1; ,; was >98%
(peak p24 antigen level = 0.77 ng/ml).

Susceptibility of virion RT. To assess the foscarnet suscep-
tibility of RT derived from resistant virus, concentrated virions
from culture supernatant were disrupted and assayed for RT
activity in the presence of increasing concentrations of foscar-
net. Figure 1 demonstrates that the RT from foscarnet-resis-
tant virions was ~10-fold less susceptible to inhibition by fos-
carnet than control RT from HIV-1, 5;. This degree of RT
resistance was similar to that observed for the resistant virus,
indicating that the enzyme and viral phenotypes correlated.

Cross-resistance to other antiretroviral agents. Table 2
summarizes the activities of various nucleoside and nonnucleo-
side RT inhibitors against foscarnet-resistant HIV-1 in com-
parison with control HIV-1; ,;. Resistant virus showed in-
creased susceptibilities to 3'-azido, 3’-deoxythymidine (~90-
fold), nevirapine (~30-fold), and TIBO R82150 (~20-fold).
Susceptibilities to 2',3'-didehydro-3’-deoxythymidine, 2',3'-
dideoxyinosine, and 2',3’-dideoxycytidine were not affected.

Genetic analyses. To investigate the genetic basis for foscar-
net resistance, the full-length coding sequence of RT was
cloned from cells infected with resistant virus (passage 13) or
control HIV-1, ,,. DNA sequencing demonstrated that all
seven RT clones derived from resistant virus encoded two
mutations: glutamine to leucine at codon 161 (CAA to CTA)
and histidine to tyrosine at codon 208 (CAT to TAT). These
changes were not detected in any RT clones (0 of 7) from
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FIG. 1. Foscarnet susceptibility of virion-associated RT from parental (open
circles) and resistant (solid circles) HIV-1. RT inhibition assays were performed
as described in Materials and Methods. Mean values for duplicate determina-
tions are shown (standard deviations averaged <15% of the mean values). The
dashed line indicates 50% inhibition.

control HIV-1, ,;. In addition, the GIn-161 and His-208 resi-
dues have been conserved in all previously reported HIV-1
isolates (24). Three additional amino acid variations were
found in only single RT clones: Phe-87 to Ile, Phe-346 to Ser,
and Gly-436 to Glu.

Foscarnet susceptibility of clinical isolates. Six HIV-1 iso-
lates from patients enrolled in the Study of Ocular Complica-
tions in AIDS trial were tested for foscarnet susceptibility. No
pretherapy isolates from these patients were available. For
comparison, 12 control isolates from patients who had no his-
tory of foscarnet therapy were assayed. As shown in Table 3,
the average ECs, for control isolates was 58 wM. The six
patient isolates exhibited variable reductions in foscarnet sus-
ceptibility, with ECs,s ranging from 128 to 303 uM (two- to
fivefold higher than that of controls). The polymerase domain
of RT from these isolates was sequenced to determine if any of
the mutations observed in vitro were present or whether other
common mutations could be detected. The Tyr-208 mutation
was found in two isolates, and the Leu-161 mutation was found

TABLE 3. RT mutations in clinical HIV-1 isolates
with reduced foscarnet susceptibility

RT amino acid residue?:
Isolate(s) ECs, of foscarnet

(uM)* 88 161 208
Controls® 58 £ 20 Trp Gln His
1 137 =43 Ser wt wt
2 280 * 21 wt wt Tyr
3 177 = 36 Ser wt Tyr
4 217 + 29 Gly wt wt
5 128 + 27 Ser wt wt
6 303 + 60 wt Leu wt

“ Foscarnet susceptibilities were determined in phytohemagglutinin-stimu-
lated PBMC. Data are mean values * standard errors for two to five separate
determinations performed in quadruplicate.

b wt, wild-type (i.e., same as for control isolates).

¢ Controls consisted of 12 isolates from patients with no history of foscarnet
therapy.
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TABLE 4. Foscarnet susceptibility of mutant recombinant HIV-1

Result in:

MT-2 cells” HT4LacZ-1 cells”

Mutation
ECs, Resistance ECq, Resistance
(uM)" (fold) (uM)y/ (foldy
Wild type 28 = 10 38+2
Trp-88 to Ser 120 = 10 4.3 105 7 2.8
Glu-89 to Gly 399 + 19 14.3 504 + 12 13.3
GlIn-161 to Leu 295 + 15 10.5 203 + 23 5.3
His-208 1o Tyr 68 x4 24 67 1 1.8
Leu-161 + Tyr-208 213 £ 23 7.6 336 *+ 30 8.8

“ Determined by inhibition of p24 antigen production as described in Materials
and Mcthods. Cells were infected at an MOI of 0.01.

" Determined by inhibition of syncytium formation as described in Materials
and Mcthods.

¢ Data arc means * standard errors for two to three separate determinations
performed in triplicate.

4 Data arc means % standard errors for three separate determinations per-
formed in sextuplicate.

in onc (Table 3). The tryptophan at position 88 was substituted
by a serine or glycine in four isolates (Table 3). Onc or more
zidovudine (AZT) resistance mutations at codon(s) 41. 67, 70,
210, 215, and/or 219 were also found in all six isolates (data not
shown). No other mutations that were common to more than
one isolate were identificd.

Susceptibilities of mutant recombinant viruses. To dcfine
the roles of the mutations identificd above in resistance to
foscarnet, mutant rccombinant viruscs encoding Gin-161 to
Leu, His-208 to Tyr, both mutations, or Trp-88 to Ser were
constructed. For comparison, a mutant virus encoding Glu-89
to Gly was prepared and tested. The Glu-89-to-Gly mutation
has been reported previously to cause RT resistance to ddGTP
and viral resistance to foscarnet in vitro (28). The relative
susceptibilities of these viruses to foscarnet were determined in
MT-2 cells (by inhibition of p24 antigen production) and in
HT4LacZ-1 cells (by inhibition of syncytium formation).

Table 4 shows that the GIn-161 and Tyr-208 mutations to-
gether conferred 7.6- and 8.8-fold foscarnet resistance in MT-2
and HT4LacZ-1 cclls, respectively. This degree of resistance
was similar to that observed with the foscarnct-resistant virus
selected in MT-2 cells. Of the two mutations, the Leu-161
change was more important (Table 4), while the Tyr-208 sub-
stitution alonc had only a minor cffect on foscarnet suscepti-
bility (1.8- to 2.5-fold increcasc in ECs,). In HT4lacZ-1 cells,
the Tyr-208 mutation incrcased foscarnct resistance from 5.3-
fold with the Leu-161 mutation alone to 8.8-fold with both
mutations. This effcct of the Tyr-208 substitution was not ob-
served in MT-2 cells, however.

The Trp-88—to-Ser mutation obscrved in the clinical isolates
reduced foscarnet susceptibility 2.8- to 4.3-fold. Virus with the
Glu-89-to-Gly mutation was the most resistant of the viruses
tested, showing a 13.3- to 14.3-fold increase in ECg,,. Nonc of
the mutations studied altered the infectivity, replication Kinet-
ics (p24 antigen production), or cytopathicity (syncytium for-
mation) of the recombinant viruses in MT-2 cells in compari-
son with control HIV-1, 4; (data not shown).

Virus with both the Leu-161 and Tyr-208 mutations or the
Leu-161 mutation alone was hypersusceptible to AZT, nevi-
rapine, and TIBO RS82150 (data not shown). The degree of
AZT hypersusceptibility was greater for the double mutant
(45-fold) than for Leu-161 alonc (11-fold). Similarly, the dou-
ble mutant showed greater hypersusceptibility to nevirapine
(20-fold) and TIBO R82150 (18-fold) than the Leu-161 mutant
(6-fold for both compounds).
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FIG. 2. Locations of foscarnet resistance mutation sites in the erystal strue-
ture of HIV-1 RT bound with a double-stranded DNA template-primer. ‘The
wild-type amino acid residues Trp-88 (in 85a). GIn-161 (in «F2), and His-208 (in
aF) are shown as light brown ball-and-stick models. The catalytically essential
Asp-110, Asp-185. and Asp-186 residues, which are the putative site of foscarnct
binding. arc shown in yellow. The backbone of HIV-1 RT is represented as a
solid ribbon with the p66 and pS1 finger subdomains shown in blue. the po6 palm
in red. and the p66 thumb in green. The double-stranded DNA s indicated in
purple. The foscarnet resistance mutations may affect the conformation of the
foscarnet binding site indirectly through changes in protein and/or nucleic acid
structure,
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Locations of mutations in crystal structure of RT. The crys-
tal structure of the p66/51 heterodimer bound with a double-
stranded DNA template-primer (11) was examined to identify
the sites of the Ser-88, Leu-161. and Tyr-208 mutations. As
shown in Fig. 2. the Scr-88 mutation is located on the p5a
strand of p66 adjacent to the template strand of the duplex
region of the template-primer. The GIn-161 mutation lies in
the «E helix of p66 just underncath the putative deoxynucleo-
side triphosphate (dANTP) binding site. whereas the Tyr-208
mutation is located on helix aF of the p66 palm subdomain
away from the dNTP and template-primer binding sites.

DISCUSSION

The development of viral resistance to foscarnet has been
reported previously for herpes simplex viruses, varicella-zoster
virus and CMV (1. 6, 14, 33, 34, 37). Genetic analyses of these
resistant herpesviruses have identificd point mutations in the
viral DNA polymerase gene that probably alter the affinity of
the enzyme for foscarnet (3, 6, 8). For patients with AIDS,
isolation of foscarnct-resistant herpes simplex virus type 2 from
genital lesions has been associated with clinical resistance to
foscarncet therapy (34).

In this report. we demonstrate that HIV-1 variants with
reduced susceptibility to foscarnet can be isolated both in cell
culture and from paticnts after prolonged therapy. The resis-
tant virus selected in vitro encodes two point mutations in RT
altering the predicted amino acids at residues 161 (Gln to Leu)
and 208 (His to Tyr). Site-specific mutagenesis and production
of recombinant HIV-1 demonstrated that the Leu-161 muta-
tion conferred the majority of the foscarnet resistance, while
the Tyr-208 substitution had only a minor cffect. The Leu-161
and Tyr-208 mutations were detected in at least one clinical
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HIV-1 isolate exhibiting reduced in vitro susceptibility to fos-
carnet, but substitution of Trp-88 by Ser or Gly was more
common in these isolates (four of six). Mutagenesis confirmed
that the Ser-88 mutation reduced HIV-1 susceptibility to fos-
carnet approximately 3- to 4-fold.

The Ser-88 mutation did not alter HIV-1 susceptibility to
AZT, whereas the Leu-161 mutation alone or together with the
Tyr-208 mutation increased susceptibility to AZT. This “sen-
sitizing” effect of Leu-161 may help to explain why the Ser-88
mutation was detected more commonly in clinical isolates. The
majority of the patients receiving foscarnet in the Study of
Ocular Complications in AIDS trial were also taking concom-
itant AZT (36). In this setting of foscarnet and AZT coselec-
tion, the Ser-88 mutation may have been preferred, since it has
no effect on AZT susceptibility, whereas the Leu-161 mutation
would be selected against because of AZT hypersusceptibility.
A similar observation has been observed with resistance to
AZT and nonnucleoside RT inhibitors. Monotherapy with the
nonnucleoside RT inhibitor nevirapine rapidly selects for re-
sistant mutants encoding a Tyr-181-to—Cys mutation, but when
nevirapine is given in combination with AZT, the Cys-181
mutation does not appear (31). This is probably explained by
the in vitro observation that when the Cys-181 mutation is
introduced into a virus encoding AZT resistance mutations
(Leu-41 and Tyr-215), viral resistance to AZT is reversed (15).
Thus, specific mutations such as Cys-181 or Leu-161 may be
less favored under AZT selective pressure because they restore
or increase HIV-1 susceptibility to AZT.

Mutations that affect HIV-1 susceptibility to foscarnet have
been reported previously (9, 17-19, 28). These mutants were
identified by means other than selection for viral resistance to
foscarnet. Larder et al. performed site-specific mutagenesis of
conserved domains of HIV-1 RT and characterized the func-
tional activities and drug susceptibilities of the mutant enzymes
(17, 18). Mutations at residues 113 (Asp to Glu or Gly), 114
(Ala to Ser), and 115 (Tyr to Asn or His) reduced both enzyme
activity (20 to 90%) and susceptibility to foscarnet. Proviruses
encoding the mutations at residue 113 (Asp to Gly) or 114 (Ala
to Ser) replicated slowly and exhibited ~5-fold-higher resis-
tance to foscarnet, but virus with the Tyr-115-to—Asn substi-
tution did not replicate (17).

By screening bacterial clones expressing HIV-1 RT, Prasad
et al. (28) identified an RT mutant that was resistant to ddGTP
and cross resistant to foscarnet. The RT mutant encoded a
nonconservative amino acid substitution at residue 89 from
Glu to Gly. When the Glu-89-to~Gly mutation was introduced
into a proviral clone, the resultant virus was foscarnet resistant
but not ddG resistant. Our experiments confirm that the Glu-
89-to—Gly mutation reduces HIV-1 susceptibility to foscarnet.
In fact, HIV-1 encoding this mutation was the most resistant of
the recombinant viruses that we constructed (Table 4).

Im et al. (9) reported a spontaneously arising mutant of
HIV-1 RT that was resistant to foscarnet and several
dideoxynucleotide triphosphates. This mutant RT contained a
valine-to-alanine substitution at position 90. However, when
this mutation was introduced into a proviral clone, only low-
titer virus could be produced (<10*> TCIDsy/ml), indicating
that the Ala-90 substitution reduced viral replication compe-
tency (21).

In the present study, we did not detect mutations at residues
89, 90, 113, 114, or 115 in any of the laboratory or clinical
isolates analyzed. This does not preclude their detection in
subsequent studies, since only a small sample of isolates have
been examined to date. Indeed, Tachedjian et al. (38) recently
described a Glu-89-to-Lys mutation in a foscarnet-resistant
variant that was selected in vitro.
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Examination of the crystal structure of RT shows that sev-
eral foscarnet mutations lie in a region of the B5a strand of p66
involved in binding of the nucleic acid template-primer. These
mutations include Ser-88, Gly-89, and Ala-90. In addition,
Tachedjian et al. (38) reported a Leu-92-to-Ile mutation in a
foscarnet-resistant variant selected in vitro. It is unclear how
these substitutions alter foscarnet susceptibility, but recent
studies by Boyer et al. (2) suggest that alterations in binding of
the template-primer resulting from dideoxynucleoside resis-
tance mutations in the BS5a strand affect the ability of the
template-primer-enzyme complex to accept or reject an incom-
ing dideoxynucleoside triphosphate. A similar mechanism may
be operative for foscarnet.

In contrast to the mutations at residues 88 to 90, the Leu-161
mutation is located in the «E helix, which is distinct from the
B5a strand. The Gln-161 residue lies below the active site of
HIV-1 RT, and its substitution by Leu may have a more direct
effect on foscarnet binding by altering the conformation of the
dNTP binding site and its affinity for foscarnet. In wild-type
HIV-1 RT, foscarnet, which is a pyrophosphate analog, prob-
ably binds to the active-site Asp-110, Asp-185, and Asp-186
residues via Mg>* ions, which are required for catalysis. The
location of the Tyr-208 mutation on the «F helix away from the
dNTP and template-primer binding sites is consistent with its
having a relatively minor effect on foscarnet susceptibility.

In summary, HIV-1 variants with reduced susceptibility to
foscarnet can emerge under selection in cell culture and in
foscarnet-treated patients. The clinical significance of this re-
sistance is unclear, although it provides additional evidence
that foscarnet exerts a selective antiretroviral effect in vivo.
This antiretroviral effect may provide benefit to some HIV-
infected individuals for whom standard therapy with nucleo-
side analogs is failing. In the present study, only a small num-
ber of clinical isolates were examined for foscarnet resistance,
pretreatment isolates were not available for comparison, and
the foscarnet resistance observed was low level (=5-fold). Ad-
ditional studies of the emergence of foscarnet-resistant HIV-1
in treated patients and the relationship of this resistance to
viral load and clinical outcome are warranted.
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Foscarnet is a broad-spectrum viral DNA polymerase inhibitor active in vitro and in vivo against human immunodeficiency
virus type 1 (HIV-1). Strains of HIV-1 resistant to foscarnet were selected by in vitro passage in increasing concentrations
of drug. Reduced susceptibility to foscarnet was evident at the levels of both HIV-1 replication and reverse transcriptase.
Biologically cloned, foscarnet-resistant strains with distinct genotypes were hypersensitive to zidovudine, azidodeoxyuridine,
nevirapine, and R82913 but had unchanged susceptibility to zalcitibine and didanosine. The reverse transcriptase of foscar-
net-resistant strains had unique substitutions Glug89-Lys, Leu92-lle, or Ser156-Ala, the third being associated with six
polymorphic changes. Introduction of these mutations into wild-type HIV-1 by site-directed mutagenesis confirmed their
role in foscarnet resistance. In the three-dimensional structure of the reverse transcriptase enzyme these amino acids are
located close to the template strand of the template primer and far away from the putative pyrophosphate binding site,
suggesting that the mechanism by which HIV-1 becomes resistant to foscarnet is indirect. Foscarnet resistance is thus
likely to be mediated through an altered interaction of the mutant enzyme with the template strand of the template primer
which distorts the geometry of the polymerase active site and thereby decreases foscarnet binding. © 1995 Academic

Press, inc.

INTRODUCTION

Foscarnet (trisodium phosphonoformate, Foscavir) is
a broad spectrum antiviral agent which inhibits DNA
polymerases including the HIV-1 reverse transcriptase
(RT). This drug inhibits pyrophosphate exchange by re-
versibly binding to the putative pyrophosphate binding
site on these enzymes, consequently preventing DNA
chain elongation (Oberg, 1989; Crumpacker, 1992). Fos-
carnet is used to treat acyclovir-resistant herpes simplex
(Erlich et al., 1989; Birch et al., 1990; Safrin et a/, 1991b)
and varicella zoster infections (Safrin et a/, 1991a). It also
has efficacy equivalent to ganciclovir in the treatment of
cytomegalovirus (CMV) retinitis in patients with acquired
immune deficiency syndrome (AIDS) (SOCA, 1992). In
this latter study, AIDS patients with CMV retinitis treated
with foscarnet survived longer than patients receiving

The nucleotide sequence data reported in this article have been
deposited with the GenBank Database under Accession Nos. HXBC,
HX330BC, HX660BC, PDBC, PD165BC, PD330BC, PD4958C, PD660BC,
U28646, U28653, U28647, U28648, U28649, U28650, U28651, and
U28652.
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ganciclovir. As foscarnet has been shown to inhibit hu-
man immunodeficiency virus type 1 (HIV-1) replication in
vitro (Sandstrom et al., 1985) and in vivo (Jacobson et al,,
1088, Fletcher et al,, 1994), it has been suggested that
one explanation for the prolonged survival of foscarnet-
treated patients in this clinical study was the antiretrovi-
ral activity of foscarnet, either alone (Sandstrom et al,,
1985; Jacobson et al.,, 1988) or acting in concert with other
antiretrovirals (Eriksson and Schinazi, 1989; Koshida et
al., 1989).

Because foscarnet has antiretroviral activity and is
used in the treatment of some AIDS patients, it is possi-
ble that foscarnet-resistant strains of HIV-1 might de-
velop in these individuals. Random mutagenesis of the
HIV-1 RT gene has shown that the Glug89-Gly and Val90-
Ala mutations result in a foscarnet-resistant RT (Prasad
et al, 1991; Song et al, 1992; Im et al, 1993). Specific
mutations introduced into the HIV-1 RT for the purpose
of defining important functional sites on the enzyme have
also been reported to result in foscarnet-resistant RT
(Larder et al, 1987, 1989; Lowe et al, 1991). In these
studies, mutations at codons 113, 114, 115, 151, 154,
183, and 190 yielded RT with varying levels of foscarnet
resistance; however, all mutations were associated with
reduced activity compared with the wild-type enzyme.

While these studies have revealed information on the
structure and function of the HIV-1 RT, mutations deliber-
ately introduced into the RT gene are unlikely to mimic
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in vivo selection pressures, and these mutations may
very well not be the same as those that develop in foscar-
net-treated patients. Selection of drug-resistant virus by
passage in cell culture is more likely to result in muta-
tions observed in clinical isolates, as has been reported
for zidovudine (AZT) and second-site, nonnucleoside RT
inhibitors (Larder et a/,, 1991; Nunberg et a/., 1991; Rich-
man et al,, 1991).

The three-dimensional structures of the p66 and p51
subunits of the HIV-1 RT enzyme have been elucidated
(Kohlstaedt et al., 1992; Jacobo-Molina et al., 1993), per-
miting localisation of drug resistance mutations on the
enzyme and allowing determination of the mechanism
by which resistance occurs (Nanni et al., 1993; Tantillo
et al, 1994). Structural studies suggest that nucleoside
analogue resistance mutations generally mediate their
effect by altering the geometry of the substrate binding
site through an indirect conformational change. In con-
trast, mutations induced by second-site nonnucleoside
RT inhibitors occur within their binding site, a hydropho-
bic pocket located in the palm subdomain close to the
polymerase active site (Nanni et al,, 1993; Tantillo et al.,
1994). Because the mechanism of action of foscarnet
differs from other inhibitors studied to date, it was of
interest to determine the nature of resistance mutations
generated by in vitro selection and their positions within
the three-dimensional structure of the HIV-1 RT. Such
studies will aid in the elucidation of the mechanism of
foscarnet resistance at the enzyme level.

Here we describe the selection of foscarnet-resistant
strains of HIV-1 during passage in the presence of drug,
their susceptibility to other antiretrovirals, and the muta-
tions in the RT region associated with resistance. We
also propose a mechanism by which foscarnet induces
resistance at the level of the HIV-1.

MATERIALS AND METHODS
Cells

MT-2 cells (Harada et al.,, 1985) were cultured in RPMI
medium containing RPMI 1640 (Gibco, Grand Island, NY)
and 10% heat-inactivated foetal calf serum (Common-
wealth Serum Laboratories) as previously described
(Tachedjian et al., 1990). Human peripheral blood mono-
nuclear cells (PBMCs) were obtained from HIV-1 sero-
negative donors and purified from whole blood by density
centrifugation (Neate et al, 1987). Mononuclear cells
were incubated for 3 days in RPMI medium containing
phytohaemagglutinin (PHA) at 10 pug/ml and were then
transferred to medium containing IL-2 (Tachedjian et a/,
1990) at the time of infection with HIV-1. HT4LacZ-1 cells
(Rocancourt et al., 1990) were maintained in Dulbecco's
modified Eagle’'s medium supplemented with 10% foetal
calf serum and G418 at 400 ug/ml.

Viruses

HIV-1 strain 237288 (hereafter termed strain PD) was
isolated from the PBMCs of an AIDS patient who was
antiretroviral drug naive. Strain HX was obtained by
transfection into MT-2 cells of 5 ug of the Xbal-linearised
molecular clone pKPHXB2 using the lipofectin reagent
DOTAP (Boehringer Mannheim, Germany). pKPHXB2 is
a construct containing the Xbal fragment of the HIV-1
provirus from pHXB2-D (Ratner et al, 1987) which was
inserted into the Xbal site of the low copy number vector
pKP57 (a gift from Keith Peden; Peden, 1992).

Drugs

Foscarnet (Fluka Biochemika) was prepared as a 10
mg/ml stock in sterile water. AZT (a gift from Burroughs
Wellcome), 3'-azido-2’,3'dideoxyuridine (AZDU; Sigma
Chemicals), R82913 (TIBO; a gift from Janssen Pharma-
ceuticals), and nevirapine (a gift from Boehringer Ingel-
heim Pharmaceuticals) were prepared as 25 mM stocks
in dimethyl sulfoxide. Zalcitibine (ddC; Sigma Chemicals)
and didanosine (ddl; a gift from Brystol Myers Squibb)
were prepared at a concentration of 26 mM in sterile
water.

In vitro selection process

Foscarnet-resistant HIV-1 was produced by sequential
passage of the PD or HX strains in MT-2 cells in the
presence of increasing concentrations of foscarnet. Ini-
tially, MT-2 cells (400,000/4 ml) were inoculated with
2500 TCIDsg, of virus and cultured in the presence of 33
uM of foscarnet. When HiV-specific cytopathic effects
(CPE) involved 75—100% of the cells, culture superna-
tants were clarified by low-speed centrifugation and a
500-ul inoculum was used to infect fresh MT-2 cells in
the presence of increasing concentrations of foscarnet
(Fig. 1). Each passage included a duplicate culture at the
highest concentration of foscarnet present in the previ-
ous passage. If after 7 days CPE did not involve at least
75—-100% of cells, the cell suspension was diluted 1 to
4 in medium containing freshly added foscarnet at the
original concentration and incubated further. Each such
subculture was considered a single passage. To control
for any changes resulting from repeated passage the
same viruses (PD and HX) were passaged in parallel in
the absence of drug.

Biological cloning

Virus suspensions were biologically cloned by three
sets of terminal dilutions in MT-2 cells in the presence
of the indicated concentrations of foscarnet. Wild-type
strains were cloned in the absence of inhibitor. Following
the third terminal dilution, isolates were amplified first
once in the presence of drug and then a second time
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without foscarnet to yield virus stocks not containing in-
hibitor.

Drug susceptibility assays

In MT-2 cells. Each virus strain at 2560-500 TCIDx,
was used to infect 1560,000—200,000 MT2 cells in the
presence of serial drug dilutions in duplicate wells of a
24-well tray (Costar, MA). Titrations of each strain were
included in assays to confirm that equivalent doses of
virus were tested. At the time of maximal cytopathic effect
in non-drug-treated cultures (4-6 days postinfection),
culture supernatants were clarified by low-speed centrif-
ugation and virion-associated RT activity determined as
described previously (Neate et al,, 1987). The percentage
inhibition of RT activity was calculated in drug-treated
cultures relative to untreated infected cultures of the rele-
vant isolate and the 50% inhibitory concentrations (ICsS)
calculated from linear log,, plots of the percentage inhibi-
tion versus concentration of inhibitor. The statistical sig-
nificance of differences between drug I1Cgs was deter-
mined by the Wilcoxon Rank-Sum Test (Bhattacharyya
and Johnson, 1977).

In HT4LacZ-1 cells. Drug inhibition of blue syncytium
formation was performed as published (Rocancourt et
al, 1990) with modification. Cells were seeded into 96-
well plates (3 X 10" cells/well) and allowed to adhere
overnight. Fresh medium containing twofold drug dilu-
tions were added, followed by inoculation of each well
with 50—100 syncytium forming units of virus. After 72
hr, cells were fixed with 0.5% gluteraldehyde, washed
with phosphate-buffered saline, and stained with 5-
bromo-4-chloro-3-indolyl-8-galactopyranoside as de-
scribed (Rocancourt et al,, 1990). Syncytia containing five
or more blue nuclei were counted in six separate wells
per drug dilution.

RT inhibition assay

The foscarnet susceptibility profile of virion-associated
RT was determined in an in vitro RT inhibition assay as
previously described (Tachedjian et al, 1994). RT was
from lysed virions obtained from clarified supernates of
infected MT-2 cultures. Viral lysates were directly applied
to the reaction mix in these assays.

DNA preparation for polymerase chain reaction
amplification (PCR)

Biologically-cloned HIV-1 strains were grown in PHA-
stimulated PBMCs (2.5 X 10° cells/10 ml culture) for 3-
4 days. Cells were washed with magnesium- and cal-
cium-free phosphate-buffered saline (PBS) and then re-
suspended in 200 ul of PBS. Purified genomic DNA was
prepared from infected cells using the QlAamp Kit (Qia-
gen, Germany) following the manufacturer's instructions.
The RT region of HIV-1 proviral DNA was amplified by
two rounds of PCR using nested primers based on the

sequence of HXB2R (Myers et al, 1993). The outer and
inner upstream primers designated 5'V3 and 5'V2 were
5'-GTAAGACAGTATGATCAGATA-3' (nucleotides 1964 -
1984) and b6'-CAGGATCCTACACCTGTCAACATAAT-3'
(nucleotides 2033-2052), respectively. The outer and in-
ner downstream primers 3'V2 and 3'V1 were 5'-TTG-
TAGGGAATTCCAAATTCC-3" (nucleotides 4206—4186)
and 5'-GGGAATTCCTTATTCCTGCTTG-3" (nucleotides
4201-4180), respectively. Amplifications were performed
in 50-ul volumes containing 2 u! of purified DNA in the
presence of 1.0 U Taq polymerase (Boehringer Mann-
heim), 200 uM of each dNTP, 0.2 uM of each primer,
and 1.5 mM MgCl,. First round amplification conditions
involved one denaturation cycle (95° for 3 min) followed
by 35 cycles of denaturation {95° for 1 min), annealing
(50° for 1 min) and extension (72° for 2 min), and ending
with one extension cycle (72° for 7 min). Second-round
conditions were as for first, with the exception that an-
nealing was performed at 55°. For preparation of large
quantities of amplified product for direct nucleotide se-
quencing, 12 separately amplified PCR reactions were
pooled, concentrated to 300 ul by butanol extraction, and
purified with Promega Magic PCR-prep columns (Pro-
mega, WI).

Nucleotide sequence analysis of HIV-1 RT region

The nucleotide sequence of the entire RT region was
determined by automated sequencing using the PRISM
Ready Reaction DyeDeoxy Terminator Cycle Sequencing
kit (Applied Biosystems). Sequencing primers spanned
the entire 1.7 kb of the HIV-1 RT and included 5'V2, SP1a
5'-CTGAAAATCCATACAATAC-3' (2250-2268), SP3 5'-
GATTTGTATGTAGGATCTG-3" (2651-2669), SP4a 5'-
GGACTGTCAATGACATACAG-3" (2850-2869), SP5 5'-
CAATTAACAGAGGCAGTG-3' (3194-3211), and SP6 5'-
CACAACAAATCAGAAGACTG-3’ (3508—3526) (Hooker et
al, submitted for publication). The reaction involved 25
cycles of denaturation (96° for 30 sec), annealing (45° for
15 sec), and extension (60° for 4 min). Unincorporated
terminators were removed by phenol-chloroform extrac-
tion as described in the manufacturer's protocol (Applied
Biosystems). Sequencing reaction products were re-
solved on an Applied Biosystems DNA Sequencer at the
Monash University Nucleotide Sequencing Service, Mi-
crobiology Department, Clayton, Australia. Sequence
alignments were performed using Seq Ed version 1.0.3
(Applied Biosystems).

Site-directed mutagenesis

HXB2 genetic backbone. The phagemid clone pHX/
HOM (Hooker et al., submitted for publication) contains
a 4.3-kb Hindlll fragment of HXB2 encompassing the
complete po/ gene [coordinates 1258 to 5578 (Myers et
al, 1993)] cloned into the Hindlll site of pT7T318U
phagemid (Pharmacia). The single-stranded form of pHX/
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HOM was mutagenised according to procedures in Am-
ersham’'s oligonucleotide-directed in vitro mutagenesis
system (version 2.1) based on the method of Sayers et al.
(1988), with the modification of pT7T319U recombinants
rather than M13 recombinants as the initial single-
stranded templates. The mutagenesis oligonucleotide
GT92 5'-GGTATTCCTATTTGAACTTCC-3" (2379-2359)
was designed to mutate Leu (TTA) to lle (ATA) at codon
92. The resultant phagemid was designated pHX32.

LAl genetic backbone. The mutations Glu89-Lys,
Glu89-Gly, Leu92-lle, and Ser156-Ala were introduced
into the pXXHIV-1_, proviral clone by site-directed muta-
genesis as previously described (Nguyen et al, 1994)
using the mutagenic oligonucleotides 5'-CAAGACTT-
CTGGAAAGTTCAATTAG-3' (2348-2372), 5'-GACTTCT-
GGGGAGTTCAATTAG-3' (2351-2372), 5'-CTGGGAAGT-
TCAAATAGGAATAC-3' (2356-2378), and 5'-GGAAAGG-
AGCACCAGCAATA-3' (2553—2572), respectively. The re-
combinant viruses with these changes were designated
89LAI-Lys, 839LAI-Gly, 92LAl-lle, and 156LAI-Ala. The
presence of the desired mutations in the proviral clones
in genetic backbones HXB-2 and LAl was verified by
sequencing.

Transfection and homologous recombination in MT-2
cells

Infectious virus with the Leu92-lie mutation (strain
HX92) was generated by homologous recombination in
MT-2 cells of molecular constructs pHX92 and
pKPHXB2ART. The construct pKPHXB2ART possesses
most of the HXB2 (Myers et al., 1993) sequence except
for a 1.96-kb deletion of the HIV-1 RT gene [coordinates
2168 to 4099; (Myers et al,, 1993)]. The complete deriva-
tion of this construct is described elsewhere (Hooker et
al, submitted for publication). MT-2 cells were cotrans-
fected with 5 ug of Mscl-linearised pKPHXB2ART and 5
ug of Hindlll-digested pHX92 using DOTAP following the
manufacturer's recommendations. Vector sequence re-
leased by these enzymes was not removed prior to trans-
fection. Cultures were maintained until maximum CPE
was observed (7—12 days) at which time supernates
were clarified and stored at —70°C. The titre of virus was
determined in MT-2 cells and the TCIDg, was calculated
using the Karber formula (Hawkes, 1979).

Generation of infectious viruses 89LAl-Lys, 83LAI-Gly,
92LAl-lle, and 156LAI-Ala was performed by electropora-
tion of plasmid pXXHIV-1_4 containing these mutations
into MT-2 cells as previously described {Nguyen et al.,
1994).

RESULTS

Generation of foscarnet-resistant HIV-1 by in vitro
selection

To determine whether foscarnet-resistant HIV-1 could
be produced by in vitro selection, the HIV-1 strain PD
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FIG. 1. /n vitro generation in MT-2 cells of foscarnet-resistant HIV-1
from the clinical isolate PD and the molecular clone HX. Time in culture
is plotted against the concentration of foscarnet at which the isolate
was able to replicate at each passage level (as indicated by the circles).

(isolated from an AIDS patient) and the molecular clone
HX (derived from HXB-2) were passaged in the presence
of increasing concentrations of foscarnet in MT-2 cells
(Fig. 1). Following 6 passages (38 days in culture), isolate
PD showed relatively unimpaired replication at 660 uM
foscarnet. This is the maximum concentration of foscar-
net in which cells remain viable. In contrast, the HX clone
of HIV-1 required 16 passages (30 days) to replicate in
the presence of 660 uM foscarnet.

To confirm that foscarnet-resistant virus was gener-
ated by the in vitro selection procedure, strain PD pas-
saged six times in the presence of escalating concentra-
tions of foscarnet and the same strain passaged six
times without inhibitor (Fig. 1) were both passed once
without drug to generate strains PD-R and PD-S, respec-
tively. The foscarnet ICs, of PD-R was decreased 5.1-fold
compared to PD-S (Table 1), whilst a 6-fold decrease
was observed at the ICyyq level (results not shown). One
further passage of PD-R in the absence of inhibitor re-
sulted in the reemergence of the foscarnet-susceptible
phenotype (results not shown).

Foscarnet resistance observed at the level of HIV-1
replication was also evident in RT obtained from the
lysed PD-R strain. The foscarnet 1G5, of PD-R, 14 uM,
was 40 times higher than that of PD-S (0.35 uM) (Fig. 2).

Relationship of phenotype to genotype for foscarnet-
resistant strains of HIV-1 derived by in vitro passage

To encourage selection of virus with different geno-
types and therefore varying degrees of foscarnet resis-
tance PD-R was biologically cloned in the presence of
foscarnet at concentrations of 165, 330, 495, and 660
uM. The resulting clones were designated PD165BC,
PD330BC, PD495BC, and PD660BC, respectively. Isolate
HX, passaged 16 times in the presence of inhibitor {Fig.
1) was biologically cloned in the presence of 330 and
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FIG. 2. Foscarnet susceptibility of RT extracted from wild-type isolate
PD-S and foscarnet-resistant strain PD-R. The 100% cpm'’s incorporated
for RT derived from strains PD-S and PD-R are 129,000 and 41,500,
respectively.

660 uM foscarnet to generate HX330BC and HX660BC,
respectively. Similarly, wild-type strain PD-S and HX, pas-
saged 16 times and biologically cloned in the absence
of foscarnet, were designated PD-BC and HX-BC, respec-
tively (Table 1).

The pol/ gene from each of four foscarnet-resistant
strains derived from the clinical isolate PD possessed a
single amino acid substitution not present in wild-type
PD-BC (Table 1). In PD165BC there was a Leu92-lle sub-
stitution (TTA to ATA). In contrast, PD330BC, PD495BC,
and PD660BC were wild-type at codon 92, but all pos-
sessed a single Glu89-Lys substitution associated with
a GAA to AAA nucleotide change. No other genotypic
differences in the RT gene between PD resistant strains
and PD-BC were observed. Although there were differ-
ences between these strains and HX (Table 1), they oc-
curred in previously described polymorphic regions (My-
ers et al, 1993).

Nucleotide sequence analysis of the RT region of fos-
carnet-resistant strains HX330BC and HX660BC derived
from the molecular clone HX showed changes different
from those found in foscarnet-resistant PD strains. Both
HX-derived clones had identical sequences with a total
of seven amino acid changes compared to the wild-type
HXB2 sequence (HX, Table 1). Only one of these, the
Ser156-Ala (TCA—-GCA) was not located in a polymorphic
region. Codon 156 is present in a region of the HIV-1 RT
highly conserved among all retroviruses {(Larder et al,
1987; Boyer et al,, 1992). In the context of foscarnet resis-
tance, we considered this mutation to be significant.

Unexpectedly, examination of the nucleotide sequence
of HXBC revealed three changes compared to the origi-
nal molecular clone HX (Table 1). These may have re-
sulted from repeated passage in MT-2 cells. None of the
foscarnet-resistant clones had these mutations. Muta-
tions at codons 275 and 350, both with the molecular
change AAA to AGA, have not been reported in previous
HIV-1 isolates (Myers et al, 1993) and may represent

unreported polymorphisms. While the Lys103-Arg ob-
served in HXBC represents a polymorphic substitution
(Myers et al.,, 1993), another mutation, Lys103-Asn is as-
sociated with resistance to nonnucleoside RT inhibitors
(Nunberg et al, 1991; Richman, 1993). Given a previous
report of allosteric interactions between the foscarnet
and the L697-639 {nonnucleoside RT inhibitor) binding
sites (Goldman et al, 1991), we suspected that the
Lys103-Arg change may have influenced foscarnet sus-
ceptibility, and in fact HXBC was 2.6 times more suscepti-
ble to foscarnet than HX itself (P = 0.032, Table 1). Con-
sequently, isolate HX and not HXBC was used for the
calculation of fold increase in foscarnet resistance for
HX330BC, HX660BC, and HX92 strains. However the
Lys103-Arg mutation in HXBC did not influence suscepti-
bility to the nonnucleoside RT inhibitor nevirapine as
there was no significant difference in the nevirapine sus-
ceptibility of HXBC and HX [ICss 0.09 + 0.08 and 0.04
* 0.03, respectively (P = 0.17)]. ,

The foscarnet susceptibility of each of the biologically
cloned strains is shown in Table 1. Since PD165BC pos-
sessed a different genotype to PD330BC, PD495BC, and
PD660BC, a difference in foscarnet susceptibility was
expected. However, while a trend towards increased re-
sistance to foscarnet was observed with the Glug9-Lys
containing genotypes compared with Leu92-lle, the sta-
tistical significance of the trend was borderline (P = 0.08,
P = 0.13, and P = 0.09, respectively). However, all had
higher I1Cs, values than the wild-type virus.

As expected, the foscarnet susceptibilities of strains
HX330BC and HX660BC were similar given their identical
RT genotypes (Table 1). Of note, HX was more suscepti-
ble to foscarnet than PD-BC (P = 0.055), and the foscar-
net ICs values for the HX-derived foscarnet-resistant
strains were substantially lower than those measured for
resistant strains derived from PD. The former observation
highlights the role of the genetic background of the RT
region in influencing baseline drug susceptibility (Hooker
et al., submitted for publication).

Characterisation of foscarnet-resistant strains of HIV-
1 derived by site-directed mutagenesis

Site-directed mutagenesis was performed to deter-
mine the role of the mutations Leu92-lle, Glu89-Lys, and
Ser156-Ala in conferring foscarnet resistance. HIV-1 with
different genetic backbones but containing the Leu92-lle
mutation (HX92 and 92LAl-lle) showed a 10-fold increase
in the I1Cs, compared with the appropriate wild-type strain
(Table 2), thus confirming the role of this substitution in
foscarnet resistance. Similar analysis of the foscarnet
susceptibility of strains 89LAI-Lys, 92LAl-lle, and 156LAI-
Ala in the HT4lLacZ-1 system confirm the role of each
mutation in conferring foscarnet resistance, with Glug9-
Lys conferring the greatest decrease in susceptibility
(>15.9-fold) and Ser156-Ala the lowest (4.5-fold, P =
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TABLE 2
Foscarnet Susceptibilities of Recombinant HIV-1 Strains Generated by Site-Directed Mutagenesis
Amino acid at RT codon introduced
by mutagenesis
Foscarnet Fold increase in
Isolate 89 92 156 1Cso (uM + SD)® foscarnet resistance®

HX £ L S 149 + 9.2 1

HX92°¢ - 1 - 129 + 8.6 8.6
LAIY - - - 39+ 4 1
89LAI-Lys” K - - >600 >15.9
89LAI-Gly? G - - 500 + 13.3 133
92LAl-lle? - I - 367 + 86 9.0
1566LAI-Ala’ - - A 144 = 4 45

?Cqo determined in drug susceptibility assays performed in MT-2 and HT4LacZ-1 cells for HX or LAl strains, respectively. Standard deviations
(SD) calculated from at least two independent assays (see Materials and Methods).

2 Compared with HX or LAl viruses, as appropriate.

¢ Recombinant strain of HX with change at position 92 introduced by site-directed mutagenesis (see Materials and Methods).
9 Strains derived by mutagenesis of pXXHIVLal and electroporation of clones into MT-2 cells (see Materials and Methods).

0.05). While strain 89LAI-Gly, which contains the pre-
viously reported substitution Glu839-Gly (Prasad et a/,
1991), was also foscarnet-resistant, its foscarnet ICs, was
lower than the 89LAl-Lys strain (P = 0.05).

Drug susceptibility profiles of foscarnet-resistant
strains

Foscarnet-resistant strains PD165BC, PD660BC, and
HX660BC containing the Leu92-lle, Glu89-Lys, and
Ser156-Ala substitutions, respectively were tested for
their susceptibility to several antiretroviral drugs (Tables
3a, 3b, 3c). Regardless of genotype, all foscarnet-resis-
tant strains were 2.6—2.8 times more susceptible to zido-
vudine than the corresponding wild-type strain. These
strains were also 4.1-36 times more susceptible to an-
other azidonucleoside analogue, AZDU (Table 3). No dif-
ference in susceptibility to ddl and ddC was observed.
In contrast, all foscarnet-resistant strains were also hy-
persensitive to the nonnucleoside RT inhibitors TIBO and
nevirapine (Table 3).

DISCUSSION

Our data show that strains of HIV-1 with reduced sus-
ceptibility to foscarnet can be generated by in vitro selec-
tion, that resistance is due to a limited number of well-
defined mutations in the reverse transcriptase enzyme,
and that such resistant strains have a predictable pattern
of altered susceptibility to other antiretrovirals. Pheno-
typic resistance to foscarnet was invariably manifested
by reduced inhibition of both virus replication and reverse
transcriptase. Strains generated with a foscarnet-resis-
tant phenotype had mutations at codons 89, 92, or 156
of the RT, and site-directed mutagenesis confirmed the
relevance of those mutations to the phenotypic changes
observed at the level of virus replication.

The previously unreported Leu92-lle change observed
in Fos165BC was shown to mediate foscarnet resistance
in both HXB2 and LAl genetic backbones. This was sur-
prising given the conservative nature of this amino acid
substitution, which represents a marginal increase in
both accessible surface area and hydrophobicity (Ausu-

TABLE 3a

Drug Susceptibility Profile of Foscarnet-Resistant Isolate PD165BC

1Cso (uM) for indicated drug®

Isolate Foscarnet AZT AZDU dd! ddC TIBO Nevirapine
PDBC 239 96 0.024 *+ 0.006 10+0 5+ 14 0.2 + 011 0.26 + 0.07 0.054 * 0.006
PD165BC 179 £ 78 0.0086 * 0.002 0.84 + 0.51 4+28 0.2 + 0.12 0.079 = 0.07 0.013 + 0.01
Fold resistance® 75° - — — — — —
Fold hypersensitivity® — 2.8° 12° — — 3.3° 4.2°

?Values are means * standard deviations from at least two independent experiments.
®Increase {resistance) or decrease (hypersensitivity) in ICs, of foscarnet-resistant strains compared to wild-type virus.
°The fold increases in resistance and hypersensitivity were all statistically significant by the Wilcoxon rank-sum test (P < 0.05).
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TABLE 3b

Drug Susceptibility Profile of Foscarnet-Resistant Isolate PD660BC

ICso (M) for indicated drug?

Isolate Foscarnet AZT AZDU ddl ddC TIBO Nevirapine
PDBC 239 £ 9.6 0.0077 £ 0.0028 1.8 £ 0.6 27 £ 11 0.23 + 0.14 0.25 £ 0.18 0.15 + 0.13
PD660BC 231 + 383 0.003 * 0.0012 0.44 + 0.1 3307 0.27 £ 0.12 0.024 + 0.006 0.02 = 0.008
Fold resistance® 9.7¢ . — - — — — —
Fold hypersensitivity” — 2.6° 4.1° — —_ 10.4° 759

?Values are means =+ standard deviations from at least two independent experiments.

% Increase (resistance) or decrease (hypersensitivity) in ICs, of foscarnet-resistant strains compared to wild-type virus.

°The fold increases in resistance and hypersensitivity were all statistically significant by the Wilcoxon rank-sum test (P < 0.05).
?Fold increase in hypersensitivity was of borderline statistical significance (P = 0.1, Wilcoxon rank-sum test).

bel et al, 1987). Nevertheless, Leu92 is highly conserved
among HIV-1 and other lentiviruses (Boyer et al.,, 1992),
suggesting that changes to it will be significant at the
phenotypic level. A Glu89-Lys substitution representing
a change from an acidic to a basic amino acid, was also
observed in three of four clones obtained from PD-R. The
role of codon 89 in conferring foscarnet resistance has
been previously documented by random mutagenesis
and selection of drug-resistant RT using a novel screen-
ing assay (Prasad et al,, 1991). Subseguent mutagenesis
studies have revealed that Glu89-Lys also results in a
foscarnet-resistant RT enzyme (Song et al,, 1992). Eluci-
dation of the foscarnet susceptibilities of RT enzymes
with the Glu89-Gly or Glu89-Lys substitutions revealed
2000- and 8-fold increases in foscarnet ICgss (Song et
al, 1992). This contrasts with our data showing that at
the level of HIV-1 replication, HIV-1 with the Glu89-Lys
substitution is more resistant than virus with the Glug89-
Gly change. As the Glu89-Lys emerged in cell culture
under selective pressure, it is likely that such a mutation
will occur in vivo.

The polar to nonpolar substitution Ser156-Ala, which
is located in conserved region C of all reverse tran-
scriptases (Larder et al, 1987), was found in biological
clones HX330BC and HX660BC. HIV-1,, with the Ser156-

Ala mutation was replication competent in contrast to a
previous study with the BH-10 molecular clone showing
that this mutation results in RT with intact polymerase
activities but inactive RNaseH (Boyer et al,, 1992). Intro-
duction of Ser156-Ala into the HXB2 backbone by site-
directed mutagenesis also results in replication-compe-
tent HIV-1 (G. Tachedjian, unpublished results). The
mechanism by which Ser156-Ala mutation abolishes
RNaseH activity has been proposed to be due to reposi-
tioning of the template-primer to a position inconsistent
with favourable catalysis at the RNase H active site
(Boyer et al., 1992; Tantillo et al, 1994). One possible
explanation for the difference in our results compared
with those of Boyer et al. (1992) may be the emergence
of compensatory mutations in either the polymerase or
RNaseH domains following transfection of HIV-1 DNA
with the Ser156-Ala mutation and recovery of infectious
virus. Studies are underway to determine whether such
compensatory changes are present in these HIV-1
strains. In relation to the viable strains HX330BC and
HX660BC, the polymorphic substitutions either in the pol
or RNaseH domains may also have a compensatory role.

In addition to Glu89-Gly and Glu89-Lys, a Val90-Ala
change associated with foscarnet-resistant RT has also
been reported (Im et al,, 1993). The mutations Trp88-Ser

TABLE 3¢

Drug Susceptibility Profile of Foscarnet-Resistant Isolate HX660BC

ICso (M) for indicated drug®

Isolate Foscarnet AZT AZDU ddl ddC TIBO Nevirapine
HX 149 £ 9.2 0.0128 = 0.0011 276 + 5.4 1.6 £ 1.1 0.22 + 0.05 0.13 £ 0.03 0.18 + 0.08
HX660BC 90 = 71 0.0046 = 0.0003 0.76 + 0.64 1.8 = 01 0.29 = 0.01 0.09 £ 0.01 0.04 £ 0.02
Fold resistance® 6.0° — — — — —
Fold hypersensitivity” — 2.8° — — 1.49 4,5°

?Values are means * standard deviations from at least two independent experiments.

®Increase (resistance) or decrease (hypersensitivity) in ICq, of foscarnet-resistant strains compared to wild-type virus.

°The fold increases in resistance and hypersensitivity were all statistically significant by the Wilcoxon rank-sum test (P < 0.05).
?Fold increase in hypersensitivity was of borderline statistical significance (P = 0.1, Wilcoxon rank-sum test).
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and GIn161-Leu in association with His208-Tyr have also
been reported in HIV-1 isolates from AIDS patients re-
ceiving foscarnet therapy and in strains generated in
vitro (Mellors et al,, 1995). Codons 88, 89, 90, 92, and 156
all cluster in the same region on the three-dimensional
structure of the HIV-1 RT (Jacobo-Molina et a/.,, 1993) and
define a "hot spot” for foscarnet resistance-associated
mutations where changes at one codon are involved.

Molecular modelling of a nucleoside triphosphate in
the polymerase active site of the HIV-1 RT/DNA/Fab com-
plex has revealed the likely deoxynucleoside triphos-
phate (dNTP) binding site, where pyrophosphate ex-
change and foscarnet binding is expected to occur
(Nanni et al.,, 1993; Tantillo et al,, 1994). The dNTP binding
site comprises not only protein structural elements, but
also nucleic acid (Tantillo et al, 1994). Based on this
model and calculated solvent accessible surface areas
of amino acids in the vicinity of the dNTP binding site
(Tantillo et al, 1994), the protein secondary structural
elements that appear to interact with the dNTP residue
include 9, £10, the 89 and 10 hairpin, 86, the 86—aC
loop and aC (see Fig. 3 in Tantillo et a/, 1994). Amino
acids 89, 92, and 156, which are found to be implicated
in foscarnet resistance, are located on (5a, the loop
structure between (5a and £5b, and the N-terminus of
a helix E, respectively (Jacobo-Molina et a/,, 1993; Nanni
et al, 1993; Tantillo et a/,, 1994). These residues are not
located in structural elements composing the dNTP site
and therefore cannot have a direct effect on foscarnet
binding. However, all three residues cluster near the tem-
plate strand of the template-primer within the palm sub-
domain (see Fig. 3B of Jacobo-Molina et a/,, 1993). There-
fore, we propose that the foscarnet resistance mediated
by Glu89-Lys, Leu92-lle, and Ser156-Ala is a result of
altered template-primer positioning or conformation on
the surface of the enzyme which causes a distortion of
the geometry of the polymerase active site and leads to
altered binding of foscarnet at the putative pyrophos-
phate site. A similar hypothesis has been proposed to
explain the mechanism of resistance to nucleoside ana-
logues {(Nanni et al., 1993; Tantillo et al,, 1994). Biochemi-
cal data to support the notion that template-primer move-
ment can affect the active site has been previously
shown by analysis of the susceptibility of wild-type and
drug-resistant RT enzymes (with either Leu74-Val or
GluB89-Gly mutations) to inhibitors in the presence of tem-
plate-primers with template overhangs of varying lengths
(Boyer et al., 1994).

Three biologically cloned strains resistant to foscarnet,
each with different genotypes, were hypersusceptible to
the inhibitors AZT, AZDU, nevirapine, and TIBO, but had
unchanged susceptibility to ddl and ddC. Similarly, fos-
carnet-resistant strains encoding GIn161-Leu and
His208-Tyr or GIn161-Leu alone showed hypersuscepti-
bility to AZT but no change in ddl, ddC, or D4T suscepti-
bility at the level of HIV-1 replication (Mellors et a/., 1995).

It is noteworthy that the replication of our foscarnet-
resistant strains was still inhibited by ddl and ddC, as
previous studies with purified RT with previously reported
mutations conferring foscarnet resistance (Glu89-Gly and
Val90-Ala) are broadly cross-resistant to nucleoside tri-
phosphate analogues including AZTTP, ddTTP, ddCTP,
and ddATP (Prasad et al, 1991; Im et a/, 1993). However,
while RT with the GIlu89-Gly mutation was also resistant
to ddGTP in these assays, virus replication was still inhib-
ited by conventional concentrations of ddG (Prasad et
al, 1991). The lack of correlation between HIV replication
and enzyme assays, observed by Prasad et al. (1991),
may be due to fundamental differences in the mechanism
of inhibition by nucleoside analogues in these two sys-
tems.

The rapid emergence of foscarnet-resistant strains of
HIV-1 after only 6-16 in vitro passages suggests that
resistant virus may emerge in HIV-infected patients un-
dergoing long-term treatment with foscarnet. We studied
12 HIV-1 isolates from seven AIDS patients on foscarnet
therapy ranging from 2.5 to 16.5 months and found no
evidence of HIV-1 significantly resistant to foscarnet
(Tachedjian et al, 1994, G. Tachedjian, unpublished
data). However, others have reported the emergence of
foscarnet-resistant HIV-1 strains in individuals on long-
term foscarnet therapy (>3 months) for CMV retinitis
{(Mayers et al., 1993). While our in vitro data support the
latter study, other factors such as preexisting drug resis-
tance and simultaneous therapy with other antiviral
agents may have a role in determining whether foscar-
net-resistant HIV-1 will emerge in an individual patient
(Tachedjian et al, 1994).

In conclusion we have shown that foscarnet-resistant
HIV-1 emerges rapidly in vitro, and have identified sev-
eral mutations in the HIV-1 RT which are able to confer
foscarnet resistance. Foscarnet-resistant strains with dif-
ferent genotypes remain susceptible to several other
classes of RT inhibitor antiretrovirals. In the context of
an HIV-infected patient developing foscarnet-resistant
HIV-1, these data indicate that antiretroviral drugs ap-
proved for clinical use (AZT, ddl, and ddC) or undergoing
clinical trials (nevirapine and TIBO) are likely to retain
their inhibitory activity against HIV-1.
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Both foscarnet (PFA) and zidovudine (AZT) select for drug-resistant variants of human immunodeficiency
virus type 1 (HIV-1), but the interactions between the mutations causing such resistance are unknown. The
introduction of the previously identified PFA resistance mutation W to G at codon 88 (W88G), E8IK, L92I, or
Q161L into an HIV-1 strain having the four known AZT resistance mutations completely reversed high-level
AZT resistance. Two additional PFA resistance mutations, W88S and S156A, partially suppressed AZT
resistance. Phenotypic reversion of AZT resistance by W88S, W88G, E89K, L92I, and S156A was associated
with a concomitant suppression of PFA resistance. The degree to which PFA resistance mutations reversed
AZT resistance was directly correlated with each mutation’s ability to confer high-level PFA resistance
(=5.0-fold) and AZT hypersusceptibility in a wild-type genetic background. Highly PFA-resistant HIV-1 strains
were hypersusceptible to AZT; conversely, AZT-resistant strains with M41L and T215Y; M41L, 1.210W, and
T215Y; or M41L, D67N, K70R, and T215Y mutations were 2.2- to 2.5-fold hypersusceptible to PFA. Prolonged
in vitro selection of wild-type or AZT-resistant HIV-1 strains with the combination AZT and PFA failed to
generate coresistant virus, indicating that dual resistance was relatively difficult to achieve. Strains selected by
passage in PFA plus AZT were phenotypically PFA resistant and AZT susceptible despite multiple reverse
transcriptase mutations known to confer AZT resistance. These data show that PFA resistance mutations can
phenotypically reverse AZT resistance and that AZT and PFA resistance might be mutually exclusive. The
reciprocal interactions between AZT and PFA resistance-conferring mutations have implications for structure-

function studies of the HIV-1 reverse transcriptase.

Treatment of human immunodeficiency virus type 1 (HIV-1)
infection with antiretroviral agents selects for strains of HIV-1
that exhibit drug resistance (28, 44, 54). Clinical studies with
several classes of antiretroviral agents have shown that the
development of drug-resistant variants is associated with drug
failure, as indicated by the return of the viral load and the CD4
cell numbers to pretreatment levels (4, 8, 19, 25, 36, 49, 63).
The development of drug resistance is driven by the lack of
fidelity of the HIV-1 reverse transcriptase (RT) and the ex-
tremely high rate of viral replication in vivo (5, 14, 65).

Better strategies to delay or prevent the emergence of drug-
resistant strains of HIV-1 are needed. Combination drug ther-
apy is being advocated with the premise that enhanced inhibi-
tion of viral replication achieved by antiretroviral combinations
can limit viral diversity and delay the appearance of drug-
resistant variants. Other desirable features of drug combina-
tions include synergistic inhibition of virus replication, lack of
cross-resistance, and nonoverlapping toxicity profiles.

More recently an important interaction between certain
drug resistance mutations that may predict highly effective
drug combinations has been identified. This interaction is
termed a suppressor mutation or phenotypic reversal and is
defined as occurring when resistance to one drug reverses the
effect of resistance mutations to another drug. Such drug com-
binations may exert constraints on the mutability of the target
enzyme which prevent or delay coresistance. Previously re-
ported suppressor mutations in the HIV-1 RT include the

* Corresponding author. Mailing address: Macfarlane Burnet
Centre for Medical Research, P.O. Box 254, Fairfield, Australia 3078.
Phone: (61) 3 9282 2123. Fax: (61) 3 9282 2126. Electronic mail ad-
dress: mills@burnet.mbemr.unimelb.edu.au.
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L-to-V mutation at codon 74 (L74V), Y181C, and M184V,
which individually suppress zidovudine (3’-azidothymidine)
(AZT) resistance while conferring resistance to didanosine
(ddI), nevirapine, and lamivudine, respectively (27, 54, 62).
Treatment with combinations of AZT and lamivudine or ddI
has generally been associated with reductions in levels of viral
RNA in plasma and increases in CD4 cell counts greater and
more sustained than those associated with monotherapy (6, 31,
43). However, the eventual emergence of HIV-1 strains core-
sistant to these inhibitors in treated patients has been de-
scribed previously (26, 41, 50, 51).

We have directed our attention to the HIV-1 RT inhibitors
AZT and foscarnet (phosphonoformic acid) (PFA), which
have distinct mechanisms of action and are already in wide-
spread clinical use. AZT is a nucleoside analog that has been
used for the treatment of HIV-1-infected individuals for nearly
a decade, even though long-term monotherapy with AZT is
well known to cause the emergence of drug-resistant strains
(28). AZT resistance is mediated by the accumulation of up to
six mutations, including M41L, D67N, K70R, L210W,
T215Y/F, and K219Q (15, 21, 30), in the RT.

In contrast to AZT, the PP, analog PFA inhibits reverse
transcription by blocking PP; exchange (7, 42). This drug is
used to treat infections due to cytomegalovirus (55) and acy-
clovir-resistant varicella-zoster and herpes simplex viruses (3,
10, 46, 47, 55). PFA inhibits HIV-1 replication in vitro (48) and
in vivo (18, 20), and the antiretroviral effect of PFA was one
suggested explanation for the improved survival of PFA-
treated patients in a clinical study which compared PFA with
ganciclovir for treatment of cytomegalovirus retinitis in pa-
tients with AIDS (55).

PFA-resistant strains of HIV-1 have developed in patients
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with AIDS receiving long-term PFA therapy for cytomegalo-
virus retinitis (35). The RT substitutions W88G, W88S. Q161L.
and H208Y were obscrved in these clinical isolates (35). In
vitro selection readily gencrates PFA-resistant strains of
HIV-1 (35, 57) which arc usually associated with single (ES89K,
1921, or S156A) (57) or double (QI161L and H208Y) (35)
amino acid substitutions in the HIV-1 RT.

Because we have noted that PFA-resistant strains of HIV-1
emerged readily in cell cultures but were not found in HIV-1
isolates from scveral patients with AIDS on prolonged combi-
nation therapy with PFA and AZT (56, 58), we hypothesized
that there was an interaction between AZT and PFA resistance
mutations. This hypothesis was supported by a detailed anal-
ysis of scquential HIV-1 isolates from onc patient, suggesting
that simultancous therapy with AZT may have retarded or
prevented the emergence of PFA-resistant HIV-1 (58).

Here we provide evidence that there arc antagonistic inter-
actions between the RT mutations which lead to cither AZT or
PFA resistance such that exposure to both agents simulta-
neously retards the development of coresistant strains.

MATERIALS AND METHODS

Cells. MT-2 cells (13) were cultured in RPMI 1640 medium (Gibeo. Grand
Island, N.Y.)-10% hcat-inactivated fetal calf serum as previously described (59).
Human peripheral blood mononuclear cells (PBMCs) were obtained from HIV-
I-scronegative donors and purificd from whole blood by density centrifugation
(39). Mononuclear cells were incubated for 3 days in RPMI medium containing
phytohemagglutinin at 10 pg/ml and then transferred to medium containing
interleukin-2 (59) at the time of infection with HIV-1. HT4LacZ-1 cells (45) were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 1077
fetal calf serum and G418 {(Gibco) at 400 pg/ml.

Plasmids. The construction of the pKPHXB2 infectious HIV-1 molecular
clone, which contains the Xbal fragment of HIV-1 provirus from pHXB2-D. has
been described previously (57). The derivation of the pXXHIV-1, 4 infectious
molecular clonc has been reported previously (40). pHX/HOM contains a 4.3-kb
HindIII fragment of HXB2 encompassing the complete pol gene (coordinates
1258 1o 5578) cloned into the HindlII site of pTZ19U (Bio-Rad Laboratorics,
Inc., North Ryde, Australia) (15). Constructs pHX/41+215 and pHX/3X were
derived from pHX/HOM by the introduction of the AZT resistance mutations
M41L and T215Y and M41L, L210W, and T215Y, respectively. by site-directed
mutagenesis (15). pMO and pMN were obtained by subcloning a 1.7-kb Xbal-
EcoRI pol fragment from the M13mptacI&.1 clones HIVRT gy, and HIVR Ty .
respectively (gifts from Brendan A. Larder) (30), into the Xbal-EcoR1 site of
pT7T319U (AMRAD Pharmacia Biotech, North Ryde, Australia) and pTZ19U
(Bio-Rad Laboratorics, Inc.). HIVRTyn and HIVRTy(, encode the AZT re-
sistance mutations M41L and T215Y and M41L, D67N, K70R, and T2I5Y,
respectively (22). The derivation of pHIVARTBStEII (a gift from Brendan A.
Larder) has been deseribed previously (54). pKPHXB2ART possesses most of
the HXB2 scquence except for a 1.96-kb deletion of the HIV-1 RT gene (coor-
dinates 2168 to 4099) (15, 57). pXXHIV-1; . MC/Y has the AZT resistance
mutations D67N, K70R, T215Y, and K219Q introduced into pXXHIV-1; 5; by
site-directed mutagenesis (35).

Viruses. PD was an HIV-1 strain isolated from PBMCs of a patient with AIDS
who had never been treated with antiretroviral agents (57). Strain HX was
derived by transfection of the molecular clone pKPHXB2 into MT-2 cells. Clonal
strains of HX/41+215, HX/3X, HX88S, and HX88G were generated by cotrans-
fection of pHX/41+215, pHX/3X, pHX8RS. or pHX88G with pKPHXB2ART
into MT-2 cells. Recombinant HIV-1 strains MO, MOSSS. MOSSG. MOSIK,
MQ921, MO156A, MNESS, and MN8SG were recovered by cotransfection of
MT-2 cells with the constructs pMQ, pMOSSS, pMOSSG. pMQOSIK. pMQ92I,
pMQI156A, pMNS8SS, or pMNS8G with pHIVARTBSIEIL  Strains LAI
LAIMC/Y, LAHGIL, and LAIMC/YI61L were prepared by clectroporation of
MT-2 cells with pXXHIV-1, o, pXXHIV-1; \ MC/Y, pXXHIV-1; 51611, and
PXXHIV-1; -;MC/Y161L, respectively (35).

The cotransfection in MT-2 cells was performed with 5 pg of Msel-lincarized
pKPHXB2ART or BstEll-lincarized pHIVARTBSstEID with cither Xbal- and
EcoRlI-lincarized (pMO- and pMN-derived constructs) or HindIll-lincarized
(PHX/HOM constructs) phagemids with DOTAP (Bochringer, Mannheim, Ger-
many) following the manufacturer’s recommendations. The vector sequence
released by enzyme digestion was not removed prior to transfections. Infectious
HIV-1 strains F2, F3, F4, F5, and FA4 containing the pol gene derived from
plasmids pF2, pF3, pF4, pF5, and pF4A4, respectively, were generated by co-
transfection  of  BamHI-EcoRI-digested  phagemids  with By Ell-digested
pHIVARTBStEIL Cultures were maintained until the maximum cytopathic ef-
fects were observed (7 to 21 days). at which time the culture supernatants were
clarified and stored at —=70°C. The RT regions (codons 1 to 300) of recombinant
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strains (MNSSS. MNSSG. MOSSS. MOSSG, MOSIK. MOY2I, MOIS6A) were
sequenced. Changes that differed from the expected sequence were not found.

Drugs. PFA (Fluka Biochemika, Buchs, Switzerland) and AZT (Sigma Chem-
ical Company. St. Louis, Mo.) were prepared as 10-mg/ml stocks in sterile water
and dimethyl sulfoxide. respectively.

In vitro sclection. Sclection experiments were performed in MT-2 cells in the
presence of increasing concentrations of the appropriate drug(s) as previously
described (57). MT-2 cells (300,000 to 400.0004 ml) were inoculated with 2,500
507¢ tissue culture infective doses of virus and cultured in the presence of either
PFA or a combination of PFA and AZT. When HIV-specific eytopathic eflfects
invalved 75 10 10077 of the cells, culture fluids were clarified by centrifugation for
10 min at 600 X g and 0.5 to 1 ml of the supernatant virus suspension was used
to infect fresh MT-2 cells in the presence of 1.3- to 2.5-fold higher concentrations
of the appropriate drug(s). If after 7 days the evtopathic effects did not involve
at least 757 of the cells. the cell suspension was diluted 1 to 4 in medium
containing the freshly added drug(s) at the original concentration and incubated
further. Each such subculture was considered a single passage.

Biological cloning, Strain PFA330A77T0.2p25 was biologically cloned by three
terminal ditutions in MT-2 cells in the presence of 330 pM PFA and 0.2 pM
AZT. Following the third terminal dilution, PFA330AZT0.2p25 was amplified
once in the absence of drugs.

Drug susceptibility assays. (i) In MT-2 cells. Assays were performed as pre-
viously described (57). Briefly, 250 to 500 5077 tissue culture infective doses of
cach virus was used to infect 150,000 to 200.000 MT-2 cells in the presence of
serial drug dilutions in duplicate wells of a 24-well tray (Greiner, Kremsmiinster,
Austria) and the Tevel of virus replication was measured by virion-associated RT
activity (58).

(ii) In HT4LacZ-1 cells. Drug inhibition of blue syncytium formation was
performed as previously described (45). Cells were seeded into 24-well plates
(2.5 x 10* cells per well) and allowed to adhere overnight. Cells were then
infected with 30 to 300 synevtium-inducing units (45) of HIV-1 in 220 pl of
Dutbeeco’s modified Eagle’s medium=-577 fetal calf serum containing 10 pg of
DEAE-dextran (AMRATD Pharmacia Biotech) per ml at 37°C. After 1 to 1.5 h,
the inoculum was removed and 1-ml aliquots of medium containing the appro-
priate concentrations of drug were added to duplicate wells. After 3 days of
incubation. the cells were fixed and stained as previously described (45) and
synevtia containing three or more blue nuclei were counted.

For cach virus, the percentage inhibition of cither RT activity (M1-2 assay) or
syneytium formation (HT4LacZ-1 assay) in drug-treated cultures was calculated
relative to that in untreated infected cultures and the 5077 inhibitory concentra-
tion (IC5,) was derived from plots of the percentage inhibition versus the log,,
concentration of inhibitor (45, 58). PFA resistance was defined as HIV-1 with a
greater-than-twofold increase in 1Cs, compared with that of the corresponding
wild-type strain. In HT4LacZ-1 assays, viral strains for which the 1Cg8 were
=(.05 pM were considered AZ.T-sensitive: those for which the TCq,s were 2+0.05
and << 1.0 uM were considered partially resistant: and those for which the 1Cqs
were = 1.0 uM were considered highly resistant (21). The statistical significance
of differences between 1Cq,s was determined by the Wilcoxon rank-sum test (2).

PCR amplification. HIV-1 strains were grown in phytohemagglutinin-stimu-
tated PBMCs (2.5 X 10° cells per 10 m!) for 4 to 7 days. Purified genomic DNA
was prepared frominfeeted cells with the QOlAamp kit (Qiagen, Hilden, Germa-
ny). For the in vitro-selected strain PEA330AZT0.2p25, the RT region of HIV-1
proviral DNA was amplificd by two rounds of PCR using nested primers to yield
a 2.2-kb DNA product. This product was vsed as the DNA template for the
nucleotide sequencing analysis of the HIV-1 RF region. The outer primers were
5'V3 and 3'V2. and the inner primers were S'V2 and GT3I'VL (5" GGG AAT
TCCAAATTCCTG CTT G 3 [complementary to positions 4180 to 4200 of the
sense strand]). The positions of the primers were based on the sequence of
HXB2R (37). The sequences of 'V 5'V2 and 3'V2 and the PCR amplification
conditions were as previously described (57).

To confirm the RT sequence of strains recovered by transfeetion in MT-2 cells,
the RT region was amplificd by two rounds of PCR. The first round used outer
primers 5'V3 and 3'V2. This was followed by two separate second-round ampli-
fications using the M13 forward- and reverse primer pairs M13 5'V2 (5" TGT
AAA ACG ACG GCC AGT CCT ACA CCT GTC AAC ATA ATT GGA AG
3" [coordinates 2033 10 2052]) and M13Rcomb3 (5" CAG GAA ACA GCT ATG
ACC ATA GGC TGT ACT GTC CAT TTA TCA GG 3" |complementary to
positions 2801 to 2826 of the sense strand]) or MI13 5'V4 (5 TGT AAA ACG
ACG GCC AGT CAA AAA ACATCA GAA AGA ACC TCC 3 [coordinates
274910 2772]) and M13R 3'V6 (5" CAG GAA ACA GCT ATG ACC ATC TGG
TTG TGC TTG AAT GAT TC 3’ [complementary to positions 3605 to 3628 of
the sense strand]). These procedures yielded 793- and 849-bp fragments con-
taining RT codons 1 to 244 and 218 to SI1. respectively. PCR amplification
conditions were as previously described for primer pairs 5'V3-3'V2 and §'V2-
3'VI1 (57) with the exception of a I-min extension for the second-round primers.
PCR amplimers were initially purified with Qiaquick kit (Qiagen). and this was
followed by further purification and concentration involving the dilution of DNA
to 500 pl with water and concentration in Microcon-100 microconcentritors
(Amicon Inc.. Beverly, Mass.) according to the manufacturer's instructions.

Preparation of molecular clones of the HIV-1 RT region. Molecular clones
were prepared by PCR amplification of a 2.2-kb pol fragment from purificd
chromosomal DNA from PBMCs infected with strains PEAGGOAZT0.2p29 and
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TABLE 1. Phenotypic reversal of AZT resistance by PFA resistance mutations at codon 88
Amino acid at indicated RT codon” Susceptibility to indicated drug
. PFA AZT
Strain
4 o7 i 88 215 Mean 1Cs, = SD Resistance Mean ICsy * SD Resistance
(uM)’ (fold)’ (uM) (fold)

HX M D K T 27+ 6.6 1 0.019 + 0.012 1
HX88S — — — S — 6320 2.3 0.016 = 0.02 0.8
HX88G — — — G — 207 £ 36 7.7 0.004 = 0.001 0.2¢
MN L — — — Y 10 £ 2.6 0.5¢ 0.62 £ 0.36 33
MNS8SS L — — S Y 27+9 1 0.25 £ 0.16 13.2
MNS88G L — — G Y 112 = 45 42 0.025 + 0.02 1.3
MQ L N R — Y 112+ 4.0 0.4¢ 255+1.34 134
MQ88S L N R S Y 34 £5.0 13 0.21 £ 0.16 11.1
MQS88G L N R G Y 122 = 21 4.5 0.01 = 0.003 0.53

“ RT amino acid residues shown are numbered as for HX (HXB2 sequence). Mutations at codon 88 to either serine or glycine were introduced into the wild-type
HX (HXB2 backbone) or into the AZT-resistant clones pMN (carrying M41L and T215Y mutations) or pMQ (carrying M41L, D67N, K70R, and T215Y mutations).
Infectious virus was recovered by transfection of MT-2 cells as described in Materials and Methods. Underlined codons and those in boldface type denote those
associated with AZT and PFA resistance, respectively. —, no change from HX.

#1Csos and standard deviations were determined in drug susceptibility assays performed in HT4LacZ-1 cells and were calculated from at least three independent
assays. The differences in 1Css of AZT for HX and HX88S were not statistically significant (P > 0.115). In contrast, statistically significant differences in the ICsys of
AZT were noted for HX and HX88G (P = 0.009), MN and MN88S (P = 0.033), MN and MN88G (P = 0.033), MN88S and MN88G (P = 0.014), MQ and MQ88S
(P < 0.01), MQ and MQ88G (P = 0.036), and MQS8S and MQ88G (P < 0.05). Statistically significant differences in the ICsys of PFA were noted for HX and HX88S
(P < 0.01), HX and HX88G (P = 0.012), MN and MN88S (P = 0.008), MN and MN88G (P = 0.008), MN88S and MN8SG (P = 0.014), MQ and MQ88S (P = 0.018),

MQ and MQ88G (P < 0.01), and MQ88S and MQ8SG (P = 0.05).

¢ 1Cs, for mutant strain divided by 1Csq for wild-type HX. Values of >1 and <1 indicate resistance and hypersusceptibility, respectively.
¢ The ICs, of AZT for this strain was one-fifth that of wild-type HX; therefore, there was a fivefold increase in susceptibility compared with that of HX.
¢“The ICs, of PFA for this strain was determinced in a different assay serics in which the ICs, of PFA for HX was 22 pM. Accordingly, fold resistance has been

calculated with this value.

/The IC5 of AZT for this strain was not significantly different from that for wild-type HX.

PFA660p12 by using KlentaqlLA-16 (1). Two rounds of PCR amplification were
performed with the outer primers 5'V3 and 3'V2 and the inner primers 5'V2
(with the BamHI site) and GT3'V1 (with the EcoRI site), respectively. The
first-round amplification conditions involved one denaturation cycle (94°C for 3
min) followed by 35 cycles of denaturation (94°C for 30 s), annealing (55°C for
30 s), and extension (68°C for 3 min) and ending with one extension cycle (68°C
for 7 min). The second-round conditions were the same as for the first round
except that annealing was performed at 62°C. Amplifications were performed in
50-p] volumes containing 2 wl of purified DNA in the presence of 0.4 pl of
KlentagLLA-16, 300 uM (each) deoxynucleoside triphosphate (dNTP), 0.2 uM
(each) primer, and 1.5 mM MgCl,. Five 50-pl reaction mixtures were pooled,
purified by phenol-chloroform extraction, and ethanol precipitated. DNA was
digested with BamHI-EcoR1 and subcloned into BamHI-EcoRI-digested
pT7T319U. The six molecular clones obtained from PFA660p12 and
PFA660AZT0.2p29 were designated pF1 to pF6 and pFA1 to pFAS6, respec-
tively.

Nucleotide sequence analysis of the HIV-1 RT region. The nucleotide se-
quence of the RT region was determined by automated sequencing with the
PRISM ready reaction DyeDcoxy terminator cycle sequencing kit (Applied Bio-
systems, Foster City, Calif.) and the T3 and T7 Tag dye primer cycle sequencing
kits (Applied Biosystems). The sequencing primers and reaction conditions used
for the dye terminator reactions were as previously described (15, 57). The
nucleotide sequence analysis of M13 tailed amplimers was performed with the
Applied Biosystems PRISM dye primer cycle sequencing ready reaction kit with
AmpliTaq DNA polymerase FS with either —21M13 or M13Rev dye primers
(Perkin-Elmer, Foster City, Calif.). The resolution of the sequencing products
and sequence alignments were as previously described (57).

Generation of mutant strains. The phagemid clone pHX/HOM was used to
introduce PFA resistance mutations in a wild-type genetic background. The
mutations W88S (TGG to TCG), W88G (TGG to GGG), E89K (GAA to AAA),
and S156A (TCA to GCA) were introduced in the RT gene by using mutagenic
oligonucleotides complementary to the sense strand to generate the constructs
pHX88S, pHX88G, pHX89K, and pHX156A, respectively. pHX92I was con-
structed as previously described (57). pMQ was used as a template to introduce
the RT mutations W88S, W88G, ESIK, L92I, and S156A. Recombinant viruses
with these changes were designated MQ88S, MQ88G, MQ89K, MQ92I, and
MQ156A, respectively. pMQ and pHX/HOM (15) were mutagenized with the
Transformer site-directed mutagenesis kit (Clontech Laboratories Inc., Palo
Alto, Calif.) with modifications as previously described (60). The selection
primer used in this procedure was GTSacIl (5 CTT GCA TGC CCG CGG GTC
GAC TCT 3') which altered a unique Ps/l sitc in the plasmids to Sacll. pXX-
HIV-1; 51611 and pHXXHIV-1; ,,MC/Y161L, both with the RT mutation

QI61L (CAA to CTA), were preparcd as previously described (35). pMN88S and
PMNS8G were constructed by digestion of pHX88S and pHX88G with Bpml
(HXB2 coordinate, 2253) and EcoRV (HXB2 coordinate, 2525) to release a
272-bp {fragment containing RT codon 88. pMN was digested with BpmI and
EcoRV where 272-, 1609-, and 2628-bp fragments were generated. The 272-bp
fragments of pHX88S and pHX88G were ligated to DNA fragments 1609 and
2628 of pMN to construct pMN88S and pMNS88G, respectively. The presence of
the desired mutations in these clones and those generated by site-directed mu-
tagenesis was verified by nucleotide sequencing of the entire RT gene.

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported in this article have been deposited in the GenBank database under
accession numbers as follows: PDBC, U28648; PFA 165BC (PD165BC), U28649;
PFA 330BC (PD660BC), U28652; PFA330AZT0.2p25, U53869; PFA660p12
(clone pF3), U53870; and PFAG60AZTO.2p29 (clone pFA4), U53871.

RESULTS

PFA resistance codon 88 substitutions suppress AZT resis-
tance. RT mutations W88S, W88G, Q161L, and H208Y have
been observed in PFA-resistant HIV-1 clinical isolates from
patients receiving long-term therapy with PFA (=3 months)
for cytomegalovirus retinitis (35). In addition to these strains,
mutations at codon 88 were also observed in clinical isolates
from patients who have received AZT and PFA (56). Since the
substitutions W88S and W88G were the most frequently ob-
served in these HIV-1 clinical isolates, their effect on AZT
susceptibility was observed by inserting them into wild-type
and AZT-resistant genetic backgrounds and examining the
recombinant viruses for their AZT and PFA susceptibilities
(Table 1). Introduction of W88S into the wild-type background
of HXB2 (HXS88S) resulted in a strain with low-level PFA
resistance but full susceptibility to AZT (Table 1). Insertion of
W8BG into the wild-type HXB2 background (HX88G) yielded
a highly PFA-resistant strain which was hypersusceptible to
AZT (Table 1).

In contrast, introduction of the PFA resistance mutation
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TABLE 2. Role of non-codon 88 mutations conferring PFA resistance in phenotypic reversal of AZT resistance

Amino acid at indicated RT codon” Susceptibility to indicated drug
Strain PrA AZT
41 67 70 88 89 92 156 161 215 219 Mean 1C,, = SD Resistance Mcean 1Cq, £ SD Resistance

(nMy" (foldy (nM)y" (fold)

HX M D K W E L S Q T K 27 £ 6.6 I 0.019 ~ 0.012 !

MO L N R - = — - — T — 11.2£20 0.4 2.55 % 1.34 134

MQS89K L N R — K — — — Y — 137 + 31 5.1 0.024 £ 0.006 1.3

MQ921 L N R — — I — — Y — 5496 2 0.014 2 (0.002 0.7

MQI156A L N R - - — A — Y — 33*+5.6 1.2 0.06 = 0.02 3.2

LAI —_ = - = = - = — - — 37+7.0 1 0.026 * .006 |

LAIMC/Y — N R — = - - — Y Q 45 7.0 1.2 0.76 £ 0.3 29

LAIMC/Y161L — N R - = — - L Y 0] 179 + 58 4.8 0.05 + 0.01 1.9

« RT amino acid residues are as defined in footnote a to Table 1. The mutations at codons 89, 92, and 156 were introduced into the AZT-resistant clone pMO, while
the mutation at codon 161 was introduced by site-directed mutagenesis into pXXHIV-1; ( MC/Y. Infectious virus was recovered by transfection of MT-2 cells as
described in Materials and Mcthods.

" As in footnote b to Table 1 except that PEA susceptibility data for LAT strains were derived from two independent assays, The differences in [Cqs of AZT were
not statistically significant for HX and MORSIK (P > 0.2). and HX and MO921 (P > 0.2) but were significant for HX and MOTSOA (P -~ 0.05). MO and MOSYK (P
0.012), MO and MQY2I (P = 0.012). MO and MOI56A (P = 0.012). LAl and LAIMC/Y (P = 0.029). and LAT and LAIMCY 1611 (P - 0.029). The 1Cy, of PEA for
HX and MQI156A was not statistically difflerent (P > 0.114). In contrast, ICs,s of PFA were significantly different for HX and MOSOK (P - 0.029), HIX and MO921
(P = 0.029), MQ and MOSIK (P = 0.018). MQ and MQO2T (P = 0.018). and MQ and MOI156A (I = 0.018).

¢ The fold increase in resistance was calculated by dividing the 1Cs, of the mutant strain by the ICs, of the corresponding wild-type strain HX or LAL Resistance
was defined as described in footnote ¢ to Table 1.

4 Sce footnote ¢ in Table 1.

W88S into the AZT-resistant backgrounds MN and MQ tance in the LAIMC/Y background (Table 2). In contrast,
(strains MNB88S and MQS&SS, respectively) resulted in fully introduction of S156A into the MQ background (strain
PFA-susceptible virus in which the phenotypic effect of the MOQI156A) resulted in only partial suppression of AZT resis-
preexisting AZT resistance mutations was suppressed by 2.5- tance (Table 2). MOS89K and LAIMC/Y 1611 retained signifi-
and 12-fold, respectively (Table 1). Likewise, inscrtion of the cant resistance to PFA, while MQ92I showed only a twofold

W88G mutation into either of the MN or MQ genctic back- increase in PFA resistance compared with wild-type HX and
bones (MN88G and MQS88G, respectively) resulted in PFA- MOQI156A was fully PFA susceptible (Table 2).

resistant strains (Table 1) which were fully susceptible to AZT, The addition of AZT resistance mutations to cloned strains
despite retaining the preexisting AZT-resistant genotype. with precexisting PFA resistance mutations (compare HX89K

Effect of other PFA resistance mutations on suppression of with  MQS89K, HX92I with MQ92I, and HXIS50A with
AZT resistance. We determined the capacity of previously MOQI156A [Tables 2 and 3]) consistently suppressed the preex-
reported PFA resistance mutations E89K, L92I, SI56A. and isting PFA resistance (P = 0.05). A similar pattern was ob-
Q161L (35, 57) to suppress phenotypic AZT resistance. When served when HX88S was compared with MNSSS (£ = 0.05)
mutations E89K and L92I were introduced into the highly and MQSSS (P = 0.014) as well as when HX88G was com-
AZT-resistant MQ background, the resultant recombinant parcd with MNSSG (P = 0.05) and MOSKG (P = 0.05) (Table
strains (strains MQ89K and MQ92I, respectively) became fully ). In contrast. no change in PFA resistance was obscrved
AZT susceptible (Table 2). Q161L also reversed AZT resis- when Q1611 was introduced into the AZT-resistant back-

TABLE 3. AZT and PFA susceptibilitics of PFA-resistant recombinant strains of HIV-1

Amino acid at indicated RT codon” Susceptibility to indicated drug
Strain PFA A/
89 92 156 161 Mecan IC,, = SD Resistance Mcan ICq, £ SD Resistance

(LMY (foldy (pM) (fold)

HX E L S 0] 21 £5.0 1 0.016 = (1L.002 1

HX89K K — — — 248 + 40 12 0.0053 =+ 0.001 0.33¢

HX921 — 1 — —_ 145 £ 13 7 0.0046 = 0.004 0.29¢

HXI156A — —_ A — 85+ 13 4 0.0125 = 0.007 0.8

LAI — — — — 37x27.0 1 0.026 £ 0.0006 |

LAIIGIL —_ — — L 192 = 50 52 0.0084 = 0.0016 0.327

« RT amino acid residues are defined in footnote @ to Table 1. Mutations at codons 89, 92, and 156 were introduced into pHXATOM. and codon 161 was changed
in pXXHIV-1, 4, by site-dirccted mutagenesis. Infectious virus was recovered by transfection in MT-2 cells as deseribed in Materials and Methods,

b As in footnote b to Table 2. Differences between 1Csqs of AZT for HXS9K and HX921 were significantly different from that for HX (2 < 0.05), while 1Cqs of AZT
for LAT and LAII61L were of borderline significance (P = (L067). 1C<s of PFA for HXROK. HX92L and HX150A were significantly different from that lor TEX (P
0.05).

< As in footnote ¢ to Table 1.

4 The 1Cq, of this strain was 3- to 3.4-fold lower than that for the wild-type strain. indicating that it was 3- to 3.4-fold hypersuseeptible.
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TABLE 4. PFA susceptibility of AZT-resistant recombinant
strains of HIV-1

Susceptibility to indicated drug

PFA AZT
Strain v v
ean . ean .
" Resistance Resistance
IC(SW)HSD (fold)” ICS& lf,[)SD (fold)
HX 22+*5 1 0.019 = 0.012 1
HX/41+215 (MN)¢ 10 £ 2.6 0.5 0.62 + 0.36 33
HX/3X4 8946 04 223+ 1.7 117
MQ*® 11.2+40 0.4 2.55 +1.34 134
LAI 3770 1 0.026 = 0.006 1
LAIMCY 45+70 12 0.76 = 0.3 29

#ICsqs and standard deviations were determined in drug susceptibility assays
performed in HT4LacZ-1 cells and were calculated from at least two indepen-
dent assays. The differences between ICs54s of PFA for HX/41+215 (MN), HX/
3X, and MQ were significantly different compared with that for HX (P = 0.05).
ICs0s of AZT for HX/41+215 (MN), HX/3X, and MQ were statistically different
compared with that for HX (P = 0.008). ICs4s of AZT for LAI and LAIMC/Y
were significantly different (P = 0.014).

® The fold increase in resistance was calculated by dividing the ICs, of the
mutant strain by the ICy, of the corresponding wild-type strain.

¢ AZT-resistant strain with mutations M41L and T215Y.

4 AZT-resistant strain with mutations M41L, L210W, and T215Y.

¢ AZT-resistant strain with mutations M41L, D67N, K70R, and T215Y.

f AZT-resistant strain with mutations D67N, K70R, T215Y, and K219Q.

ground of LAIMC/Y (Table 2). These results show that mu-
tations which suppress AZT resistance generally also diminish
PFA resistance.

Inverse correlation between degrees of AZT and PFA resis-
tance of recombinant HIV-1 strains. We have previously re-
ported that strains of HIV-1 that are PFA resistant because of
a variety of RT mutations have increased susceptibility (hyper-
susceptibility) to AZT compared with wild-type strains (35,
57). The present study extends this observation to the PFA-
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resistant strains HX88G, HX89K, and HX92I (Tables 1 and 3).
PFA resistance mutations which did not confer either in-
creased hypersusceptibility or resistance to AZT (88S or 156A)
(Tables 1 and 3) did not confer PFA resistance in the AZT-
resistant genetic backgrounds examined. We also determined
whether AZT-resistant strains were hypersusceptible to PFA.
The PFA susceptibilities of four AZT-resistant strains, HX/
41+215 (MN), HX/3X, MQ, and LAIMC/Y, were assessed in
the HT4LacZ-1 assay (Table 4). AZT-resistant strains HX/
41+215, HX/3X, and MQ were hypersusceptible to PFA (2.2-
to 2.5-fold more susceptible than the wild type) (P = 0.03).

Taking all the data together (Tables 1 to 4), individual RT
mutations had a clear inverse relationship between AZT and
PFA susceptibility (Fig. 1) (linear regression analysis excluding
wild-type strains HX and LAI r = —0.901, slope = —1.81,
standard error for slope = 0.22, P < 0.0001).

An HIV-1 strain fully resistant to both AZT and PFA could
not be generated by in vitro selection. The data above clearly
demonstrate that PFA resistance mutations suppress AZT re-
sistance and vice versa. To examine the biological consequence
of these interactions we determined whether an HIV-1 strain
coresistant to both AZT and PFA could be produced by in
vitro selection. The wild-type HIV-1 strain PD, previously used
to select PFA-resistant strains (57), was passaged in the pres-
ence of increasing concentrations of PFA and AZT in MT-2
cells (results not shown). Following 25 passages (164 days in
culture), we selected strain PFA330AZT0.2p25, which repli-
cated in the presence of 330 uM PFA and 0.2 uM AZT. This
strain was PFA resistant (7.8-fold increase in ICs,) but fully
AZT susceptible compared with a wild-type PD that had un-
dergone 23 passages in MT-2 cells in the absence of drug
(results not shown).

Nucleotide sequence analysis of the entire RT region of
PFA330AZT0.2p25 revealed three substitutions not present in
wild-type PD (K70R, V751, and K219R). These mutations
were different from the single-amino-acid substitution E89K or
L92I observed when this strain was exposed to PFA alone (57).

1000

HX Backbone

MN Backbone
o 100+
g MQ Backbone
2
'® LAj Backbone
O 88S
E 04 883
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o 156A
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(1S dag K
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021 89K
161L
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FIG. 1. Effect of HIV-1 RT mutations on relative susceptibility to AZT and PFA. Fold changes in PFA or AZT resistance were calculated relative to the
corresponding wild-type strain (HX or LAI), from the data in Tables 1, 2, 3, and 4. Symbols depict different RT genetic backbones and are labelled with the associated

PFA resistance-conferring mutation.
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FIG. 2. Attempted sclection of HEV-1 coresistant 1o AZT and PFA by in
vitro seleetion in MT-2 cells starting with cloned AZT-resistant HIV-1 strains
(MO, HX/41+4215, and HX/3X). See Materials and Methods for details. The
time in culture is plotted against the concentration of PFA at which the isolate
was able to replicate at cach passage level. Squares denote the AZT-resistant
mixture exposed to PFA alone, and circles represent the AZT-resistant mixture
exposed to PFA in the presence of 0.2 pM AZT.

One of these changes (K70R), has been shown to be associated
with an eightfold incrcase in AZT resistance (29). Changes at
codon 219 have also been associated with AZT resistance:
however, the mutation in PFA330AZT0.2p25 (K219R) was
different from the K219Q change usually observed (30). V731
has becn previously reported in HIV-1 variants resistant to
multiple dideoxynucleosides recovered from patients receiving
AZT and ddl or AZT and dideoxycytosine combination ther-
apy (50, 52).

Since HIV-1 coresistant to AZT and PFA could not be
gencrated from a wild-type strain, another strategy was used to

J. Viror,

attempt to generate dually resistant HIV-1 taking advantage
of the ability of HIV-1 to recombine (23). The starting inocu-
lum contained a mixture of AZT-resistant. molecularly cloned
strains, HX/41+215 (carrving M41L and T2I5Y mutations)
MOQ (carrying M41L. DOTN. K70R, and T2ISY mutations),
and HX/3X (carrying M41L., L210W, and T215Y mutations),
which collectively contain most of the AZT resistance-associ-
ated mutations reported to date. Sclection was performed ci-
ther in the presence of escalating concentrations of PFA orin
increasing concentrations of PFA with 0.2 pM AZT. AZT was
included in the latter experiment to exert pressure on the virus
to maintain its AZT-resistant phenotype.

Exposure of this mixture of AZT-resistant, molecularly
cloned strains to PFA alone resulted in strain PFAGGOPL2,
which replicated in the presence of 660 uM PFA after 12
passages (65 days in culture) (Fig. 2 and Table 5). The rate at
which this variant was sclected was similar to that observed
when the wild-type HX strain was exposed to escalating con-
centrations of PFA (57), indicating that preexisting AZT re-
sistance did not hinder the ability of the virus to become PFA
resistant. Although strain PFAGGOPI2 was moderately PFA
resistant (1C,, increased by 3.5-fold). it had reverted to being
fully AZT-susceptible (Table 5).

Sequencing of the RT region of six molecular clones (pl' | to
pF6) derived from this PEA-resistant strain showed four mu-
tations common to all six clones (Table §5). Three of these were
the original AZT resistance-associated mutations at codons 41,
70, and 215. The fourth was W88G. which has been previously
reported for a PFA-resistant clinical isolate (35). Other
changes were also observed in single clones at codons 91, 172,
177, 211. 326, and 386 and in two clones at codon 217 (Table
5). Of these. R172K and R211K were previously described
polymorphic substitutions (37). while the other mutations

TABLE 5. Amino acid sequences of RT region and PFA and AZT susceptibilities of HIV-T strain PFA66Op12
and molccular clones derived from this strain

Amino acid at indicated RT codon”

Susceptibility to indicated drug

Strain or clone

PIA AZT

4 67 0 88 91 172 177 21s 217 326 386 Mcean 1C,,, + Resistance Mcan IC, Resistance
SD (pMy (foldy SD (pM) (fold)
Strains
HX M D K W Q R D R T P I T 3419 1 0.02 = 0.01 1
PFA()()()plZ” 119 % 20 35 0.020 + 0.02 1.3
Molecular cloncs
derived from
PFAGGOP12¢
pFl L — R G — — — K Y - M -
pF2 L — R G — — A — Y e
pF¥ L — R G — — — — Y — — A 165 + 0 4.8 004+ 0.04 2
pF4 L - R G L K —_— = Y _— - —
pF5 L — R G — — — — Y S — -
pF6 L - R 6 - — — — 'Y — - —

@ RT amino acid residues shown are numbered as for HX (HXB2 sequence) and are those that differ from the sequence for isolate HXL as predicted from the
observed nucleotide sequence codons 1 to 414, Underlined codons and those in boldface type denote those associated with AZT and PIAA resistance. respectively.
Mutations at codons 172 and 211 represent known polymorphisms. —. no change from HX

" 1Csqs and standard deviations were determined in drug susceptibility assays performed in HT4LacZ-1 cells and were caleulited from at feast three independent

assays. Statistically significant differences in 1Csos of PFA were observed for HX and F3 or PFA6OOpI2 (P

not statistically significant (P = 0.2).

0.03). The difterence in 1Cqs of AZT Tor HX and F3 was

“1Cs, of mutant strain divided by 1Cg, of wild-type HX. Values of =1 and 71 indicate resistance and hypersuseeptibility. respectively.
4 Obtained by passaging a mixture of AZT-resistant cloned strains (X 414215, XX and MOY in MT-2 cellsin the presence of inereasing concentrations of PFA

(Fig. 2).

“Moleeular clones obtained by PCR amplification of 2.2 kb of pol by using Klentagl.A-16 and cloned in Bam1U-FeoRT sites in pT7T3190 as deseribed in Materials

and Methods.

S Infectious virus with RT region of pF3 (F3) generated by cotransfection of MT-2 cells with pF3 and pHIVARTRsETL
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TABLE 6. Amino acid sequences of RT region and PFA and AZT susceptibilities of HIV-1 strain PEA660AZT0.2p29
and molecular clones derived from this strain

Amino acid at indicated RT codon®

Susceptibility to indicated drug

. PFA AZT
Strain or clone
4L 61 67 68 70 8 175 214 215 260 295 322 Mean ICs, = Resistance Mean IC5, = Resistance
SD (M)’ (fold)® SD (1M) (fold)
Strains
HX M F D § K W N L T L L S 35+ 14 1 0.019 = 0.013 1
PFA660- 92 + 40 2.6 0.044 + (.03 2.3
AZT0.2p29‘1
Molecular clones
derived from
PFA660AZTO0.2p29°
pFAl L L NN R § — F Y \'% P S
pFA2 L — N N R § — F Y vV - P
pFA3 L — N N R § — F Y vV — —
pFA4f L — N N R S S F Y vV — - 98 = 10 2.8 0.03 = 0.02 1.5
pFAS L — N N R § — F Y — — —
pFA6 L — N NUR S — F Y Vv — —

“RT amino acid residues shown are numbered as for HX (HXB2 sequence) and are those that differ from the sequence for isolate HX, as predicted from the
observed nucleotide sequence. Unique changes at codons 1 to 323 are indicated, with the exception of pFA6 (codons 1 to 310). Underlined codons and those in boldface
type denote those associated with AZT and PFA resistance, respectively. Codon 214 represents a previously described polymorphism. —, no change from HX.

® As defined in footnote b to Table 5. Statistically significant differences were observed for the ICs,s of PEA for HX and PFA660AZT0.2p29 (P = 0.05) or FA4 (P =
0.014). The ICsps of AZT for HX and PFA660AZT0.2p29 (P = 0.2) or FA4 (P > 0.171) were not significant.

¢ As defined in footnote ¢ to Table 5.

4 Obtained by passaging a mixture of AZT-resistant cloned strains (HX41+215, HX/3X, and MQ) in MT-2 cells in the presence of increasing concentrations of PFA

and 0.2 pM AZT (Fig. 2).

¢ Molecular clones obtained by PCR amplification of 2.2 kb of pol by using KlentaqLA-16 and cloned in BamHI-EcoRI sites in pT7T319U as described in Materials

and Methods,

{Infectious virus with RT region of pFA4 (FA4) generated by cotransfection of MT-2 cells with pFA4 and pHIVARTBStEIIL

could have been genuine or could have been introduced during
PCR amplification.

Two attempts to recover infectious virus containing the RT
regions of pF2, pF3, pF4, and pF5 were made. Of these, only
pF3 yielded infectious virus following cotransfection with
pHIVARTBStEII in MT-2 cells, suggesting that Q91L, D177A,
P217S, I326M, or mutations in other parts of the 2.2-kb pol
amplimers may have been lethal. Examination of the drug
susceptibility of strain F3 showed that it was PFA resistant and
AZT susceptible as was observed for the original uncloned
strain PFA660p12.

In contrast to passage in PFA alone, passage of the AZT-
resistant virus mixture in the presence of PFA in conjunction
with 0.2 uM AZT markedly delayed the emergence of an
HIV-1 strain with the ability to replicate in the presence of 660
uM PFA (Fig. 2). This strain (PFA660AZT0.2p29) was ob-
served after 29 passages (170 days in culture) and was pheno-
typically PFA resistant (2.3-fold) and AZT susceptible (ICs, =<
0.05 pM) (Table 6).

Nucleotide sequence analysis of the RT region of
PFA660AZT0.2p29 revealed seven substitutions common to
each of the six molecular clones examined (pFAl to pFA6)
(Table 6). Four of these were the AZT resistance mutations at
codons 41, 67, 70, and 215 which were collectively present in
the starting mixture and which together confer high-level re-
sistance to AZT (134-fold [strain MQ in Table 4]). W88S and
S68N changes were also observed in all six clones, and it is
noteworthy that W88S has been previously reported for three
out of six PFA-resistant clinical isolates (34, 35). Infectious
virus containing the RT region of pFA4 (which had an addi-
tional nonpolymorphic mutation, N175S) was recovered. This
strain (FA4) was PFA resistant and AZT susceptible as was
observed for the original uncloned strain PFA660AZT0.2p29.

To confirm that HIV-1 coresistant to other inhibitors could

be generated by the selection system described, the cloned
AZT-resistant strain HX/41+215 was exposed to increasing
concentrations of the nonnucleoside RT inhibitor nevirapine
(11) in the presence of 0.2 uM AZT. After 10 passages (36
days in culture) HIV-1 coresistant to AZT and nevirapine was
generated (increase in AZT and nevirapine resistance, 31- and
162-fold, respectively) (56).

DISCUSSION

The data presented in this work show that we were unable to
generate strains in HIV-1 resistant to both PFA and AZT by
prolonged in vitro passage. Furthermore, the pattern of resis-
tance to AZT and PFA in drug-selected and recombinant
HIV-1 strains (generated by site-directed mutagenesis) was
mutually exclusive, in that resistance to either AZT or PFA,
but not to both, was observed. Mutagenesis studies revealed
that PFA resistance mutations suppressed AZT resistance,
with most showing a concomitant loss in the level of PFA
resistance normally conferred by these individual changes in a
wild-type genetic background. The analysis of all recombinant
strains examined in this study showed a clear inverse correla-
tion between phenotypic PFA and AZT resistance (Fig. 1).
These data have led to the hypothesis that there may be con-
straints on the HIV-1 RT such that a more complicated evo-
lutionary pathway would be required for the enzyme to adopt
conformations in the PFA and AZT triphosphate (AZT-TP)
binding sites consistent with coresistance to PFA and AZT.
Invariably, RT inhibitors that select mutations conferring phe-
notypic suppression of AZT resistance, including ddlI-selected
L74V, nonnucleoside reverse transcriptase inhibitor-selected
Y181C, and lamivudine-selected M184V, have achieved core-
sistance in vivo by complicated escape routes (26, 41, 50, 51).
Similarly, we expect that multiple mutations would be required
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to generate a strain coresistant to AZT and PFA. Given the
reciprocal interactions between AZT and PFA resistance mu-
tations, not previously reported with other AZT-resistance
suppressor mutations, and the assumption that no mutation is
considered ncutral (5), it is possible that a strain coresistant to
AZT and PFA may have an impaired replication capacity.
HIV-1 strains from paticnts receiving long-term AZT and PFA
would neecd to be examined to confirm this notion.

We were unable to select HIV-1 strains coresistant to AZT
and PFA by in vitro passage under conditions under which
strains resistant eithcer to PFA or AZT alonc or to the AZT
and nevirapine combination were rapidly selected. Selected
strains were consistently PFA resistant and AZT susceptible,
despite the presence of mutations in the RT region known to
confer phenotypic resistance to AZT. While coresistant strains
were not selected in our in vitro sclection experiments, no in
vitro system can effectively mimic the high viral turnover in
HIV-1-infected individuals, the major determinant driving ge-
netic variation observed in vivo (5, 14, 65). A similar pattern of
genomic AZT and PFA resistance with phenotypic PFA resis-
tance and AZT susceptibility was suggested in isolates ob-
tained from six paticnts with AIDS who received PFA with
prior or concomitant AZT therapy (34, 35). Thesc strains had
wild-type susceptibility to AZT (ICs, < 0.2 pM) as assayed in
PBMCs (34), despite the presence of one or more AZT resis-
tance mutations at codon(s) 41, 67, 70, 210, 215, and/or 219,
including the atypical substitutions M41V, K70E/G, T215L,
and K219R. These anccdotal data suggest that genotypic AZT
resistance can be phenotypically reversed by PFA resistant
mutations. However, since the timing and duration of AZT
and PFA therapy in these paticnts varied, these data cannot be
used to support our hypothesis that coresistance to AZT and
PFA is difficult to achicve. Therefore, analysis of further clin-
ical isolates to confirm the asscrtion that the combination of
AZT and PFA imposcs constraints on the mutability of HIV-1
RT will be required.

We decided to investigate the role of the PFA resistance-
conferring mutations W88S, W88G, and Q161L in the pheno-
typic reversal of AZT resistance since they comprisce three of
the four mutations found in PFA-resistant clinical isolates (35).
In addition to sccing those HIV-1 clinical isolates published by
Mellors ct al. (35), we have also seen mutations at codon 88 in
clinical isolates from paticnts who have received AZT and PFA
(56). H208Y, found in two of the six PFA-resistant isolates
from the Mellors ct al. study (35), was shown to confer only
twofold PFA resistance in a wild-type genetic background.
Sincc many permutations and combinations of PFA and AZT
resistance-conferring mutations could potentially be examined,
we chose those that were the most frequently obscerved in
PFA-resistant clinical isolates, that conferred high levels of
PFA resistance, or that were observed in strains selected in
vitro in the presence of PFA or AZT and PFA.

All PFA resistance mutations studicd caused phenotypic
reversal of gecnomic AZT resistance. The presence of W88G in
several AZT-resistant genctic backgrounds resulted in com-
plete suppression of AZT resistance, while W88S partially sup-
pressed AZT resistance and conferred PFA susceptibility in
strains with M41L and T215Y and M41L, D67N, K70R, and
T215Y mutations. Similarly, an AZT-resistant, PFA-suscepti-
ble clinical isolate, E6, obtained from a paticnt with AIDS
treated with long-term PFA and AZT therapy (12, 58), had
W8S8S in the presence of M41L, D67N, K70R, L210W, and
T215Y. However, PFA resistance and AZT susceptibility were
observed in the genetic contexts found in three HIV-1 clinical
isolates which had W88S in association with changes that in-
cluded codon 219 and/or nonclassical substitutions at codons
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70 and 215 (34, 35). Thercfore, the effect of W8SS on AZT
resistance is dependent on the genetic background in which it
appcars. mirroring an observation we made previously with the
L210W mutation (15). Mutagenesis studics demonstrated that
other PFA rcsistance mutations. ER9K, L92I, SIS6A, and
QI61L, could also suppress AZT resistance.

PFA resistance mutations could be divided into two groups
based on the PFA and AZT susceptibility patterns observed
when these mutations were introduced into an AZT-resistant
genetic background. One group of mutations (W88G, E8IK,
L92I. and QI61L) yiclded PFA-rcsistant. AZT-susceptible
phenotypes. while the other group (W88S and S156A) yiclded
PFA-susceptible phenotypes which were partially or com-
pletely AZT resistant. Mutations belonging to the first group
conferred high-level PFA resistance (=5.0-fold) and concom-
itant hypersusceptibility to AZT (three- to fivefold) when
present in a wild-type genetic background, while mutations in
the sccond group conferred only low-level PFA resistance
(two- to fourfold) and failed to alter AZT susceptibility. These
data indicate that the magnitude of suppression of AZT resis-
tancc and the capacity to express PFA resistance directly cor-
relate with the level of PFA resistance and AZT hypersuscep-
tibility conferred by the individual PFA resistance mutations.
As shown in Fig. 1, W88S and S156A confer differential results
in viruses with AZT-resistant genctic backgrounds MN and
MQ. compared with wild-type HX. which contrasts with similar
profiles obtained for W88G., E8YK. and L92I in MN, MQ, and
HX genetic backgrounds. A possible explanation could be that
conformational changes conferred by W88S or SI1S6A on the
AZT-TP binding site of the HIV-1 RT may not be as grcat as
those conferred by W88G. E89K. and LY2I to completely
counteract the effects of the AZT resistance mutations in MN
and MQ.

Elucidation of the crystal structurc of the HIV-1 RT (17)
and molecular modelling of a ANTP in the polymerase active
sitc of the HIV-1 RT-DNA-Fab complex has revealed the
likely dNTP binding site (61). PP; exchange and thercfore PFA
binding would be expected to occur in close proximity to this
site. possibly in the region flanked by the threc catalytically
active aspartyl residues at codons 110, 185, and 186 (38, 61).
The side chains of these residues probably bind to the triphos-
phate moiety of the incoming dNTP via Mg®' (61). Enzyme
kinetic analysis has shown that PFA is a noncompetitive inhib-
itor with respect to dTTP, indicating that the binding sites for
PFA and dTTP (and thereforc AZT-TP) on HIV-1 RT arc not
identical (64). However, use of inhibitor combinations has
shown that the inhibition of HIV-1 RT by PFA and that by
AZT-TP arc mutually exclusive. suggesting overlapping bind-
ing sites (53). Consistent with this finding is the reported ad-
ditive inhibition of HIV-1 RT by the combination of AZT and
PFA (9, 24).

Our data suggest that the majority of PFA resistance muta-
tions inducc a structural change in the PFA binding site which
simultancously alters the conformation of the AZT-TP binding
site. Since the locations of most mutations conferring AZT or
PFA resistance described to date arc distal from the putative
AZT-TP and PFA binding sites on the HIV-1 RT (35, 57, 61),
the conformational changes at these sites induced by thesc
mutations would probably be mediated by a change in the
positioning or conformation of the template-primer on the
surface of the HIV-1 RT cnzyme.

We found that the AZT-resistant strain LAIMC/Y was not
hypersusceptible to PFA and that PFA resistance caused by
Q1611. was not suppressed in the LAIMC/Y background.
However., Q161L was able to completely suppress AZT resis-
tance in the LAIMC/Y background. This diflerence could be
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explained by the effects of these mutations on RT structure.
Q161L is the only PFA resistance-conferring change that may
directly affect the dNTP binding site (35). In addition,
LAIMC/Y contains a change at codon 219 which also may
interact directly with the dNTP binding site (61). Since Q161L
confers increased susceptibility to AZT (35), it is possible that
the inability to suppress PFA resistance in the LAIMC/Y back-
ground and the lack of PFA hypersusceptibility of LAIMC/Y
are mediated by changes at codon 219 alone, or in combination
with other AZT-resistance mutations observed in this geno-
type. Mutations at codon 219 may result in a conformational
change quite distinct from those conferred by PFA resistance
mutations at codons 88, 89, 92, 156, and 208 and the AZT
resistance mutations at codons 41, 67, 70, 210, and 215, which
are thought to mediate resistance through an indirect mecha-
nism (35, 57, 61). It is possible that potential escape routes for
HIV-1 to become coresistant to AZT and PFA involve codon
219 and other changes that do not result in reciprocal changes
in AZT and PFA resistance.

If coresistance to AZT and PFA is an unfavorable option for
the HIV-1 RT, as suggested by our data, the obvious corollary
is that such a strain (if generated) would be expected to have
impaired replication capacity. Evidence to support this notion
comes from previous studies (32, 33) which showed that the
introduction of mutations in the HIV-1 RT at codons 113, 114,
115, 151, or 154 resulted in RT with coresistance to AZT-TP
and PFA but with impaired RT activity in in vitro assays com-
pared with the wild-type enzyme. In addition, a trend whereby
greater impairment of RT activity was generally associated
with higher levels of coresistance to AZT-TP and PFA was
observed (32). Furthermore, infectious virus could not be re-
covered from HIV-1 constructs with low levels of RT activity
(32). Paradoxically, recombinants encoding A114S and D113E,
which had 80 and 71% wild-type RT activity, respectively, were
phenotypically PFA resistant but AZT hypersusceptible (32),
suggesting that the conformation of the HIV-1 RT within the
intracellular reverse transcription complex differs from that in
the cell-free assay system employed. The identification of sim-
ilar discrepancies between AZT susceptibilities in cell-free and
virus replication systems with other mutations selected by AZT
and PFA would confirm this hypothesis and could provide
clues as to why mutant RT resistance to AZT-TP in cell-free
assays does not correlate with resistance in infectious virions.

AZT and PFA have several desired properties required of
potential drug combinations. These include demonstrable in
vitro additive or synergistic antiretroviral effects (9, 24), dis-
tinct in vivo toxicity profiles, and lack of cross-resistance. This
study has shown that an array of PFA resistance mutations can
cause varying levels of suppression of AZT resistance and that,
at least in vitro, dually resistant virus is difficult to generate. We
have postulated that this is because of conformational con-
straints on HIV-1 RT. PFA, however, is far from being an ideal
antiretroviral drug, since it requires intravenous administration
and adverse reactions are common (42). As a consequence, it
is unsuitable for long-term use in asymptomatic HIV-1-in-
fected individuals. Ideally an orally bioavailable prodrug of
PFA would be useful in the context of combined treatment
with AZT. An orally bioavailable glycerophospholipid PFA
prodrug with enhanced activity and synergy with AZT against
HIV-1 in vitro has been described previously (16). This drug,
or other inhibitors of PP; exchange with improved pharmaco-
logical properties, might be able to take advantage of the
favorable drug resistance interactions with AZT.
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Abstract

Foscarnet (PFA) is a pyrophosphate analogue antiviral active against human
immunodeficiency virus (HIV-1) and herpesviruses. Strains of HIV-1 resistant to
PFA have mutations in the HIV-1 reverse transcriptase (RT). We examined the
influence of PFA resistance mutations, in different genetic backgrounds, on HIV-1
replication competency by both replication kinetics and growth competition assays.
In replication kinetics assays the recombinant strains HX89K, HX921 and HX156A
(with RT mutations, E89K, L92! and S156A, respectively, in the HXB2-D genetic
background) replicated to lower titres than the wild-type parent in the absence of
drug. Replication impairment increased as the degree of PFA resistance
increased. PFA-resistant strains LAl 921 and LAl 156A (with RT mutations L92I and
S156A, respectively) were replication impaired in comparison to the wild-type
parent LAl to a similar degree as observed for strains in the HXB2-D background.
In growth competition assays with wild-type LA, strains LAl 921 and LAl 156A had
relative fitness values of 0.5 and 0.8, respectively. These results show that the RT
mutations E89K, L92I and S156A, observed in PFA-resistant strains selected in cell
culture, reduce replication competence. Furthermore, these data show a correlation
of increasing PFA resistance and decreasing replication competence mediated by

single amino acid substitutions in the RT.




Foscarnet (PFA) is an inhibitor of viral DNA polymerases, including the human
immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT). PFA inhibits
HIV-1 replication in vitro and in patients.! -3 PFA-resistant étrains of HIV-1 emerge
rapidly in cell culture in the presence of PFA4 -6 and, as predicted by these in vitro
studies, PFA-resistant strains of HIV-1 have developed in patients with AIDS

receiving long-term PFA therapy for the treatment of cytomegalovirus retinitis.4

PFA-resistant strains of HIV-1 selected by in vitro passage have single or double
amino acid substitutions in the reverse transcriptase (RT) coding region which
include, W88S, W88G, EB89K, L92I, S156A, and Q161L/H208Y.4-6 Except for
Q161L, these mutations are located at a distance from the putative dNTP binding
site in the three dimensional structure of HIV-1 RT. It has been hypothesized that
most of these. mutations mediate PFA resistance by altering binding of the template
strand of the template-primer with RT leading to greater discrimination between the
natural substrate, pyrophosphate (PPi) and PFA.4 5 These mutations impart only
modest (2- to 14- fold) PFA resistance# - ¢, which is in contrast to the >100-fold
resistance achieved by mutations conferring decreased susceptibility to other

HIV-1 RT inhibitors such as zidovudine and lamivudine.?. 8

Acquisition of mutations mediating drug resistance generally impairs viral
replication kinetics. HIV-1 strains resistant to lamivudine or the no.nnucleoside
reverse transcriptase inhibitors (NNRTIs) S-2720 and (alkylamino)piperidine
bis(heteroaryl)piperizine (AAP-BHAP) with RT mutations at codons 184 and 190,
respectively, were replication impaired compared to wild-type strains.9. 10
Mutations in the HIV-1 RT coding region that confer zidovudine resistance and
which have also been shown to impart reduced fitness include T215Y and

K219Q11, T215Y12, M41L12 and M41L and T215Y'2. Selection of HIV-1 strains



resistant to protease inhibitors requires multiple mutations for high-level
resistance.1® These mutations have been shown to cause impaired protease
activity and decreased replication competence despite the appearance of

compensatory mutations in the gag gene.14

PFA-resistant HIV-1 RT enzymes with different substitutions at codon 89 generally
have impaired enzyme activity.'> Mutagenesis of the HIV-1 RT to define important
functional sites also generated PFA-resistant RT from mutations at codons 113,
114, 115, 151, 154 and 183; increasing PFA resistance was associated with
decreasing RT activity.16:17 Notably, infectious virus could not be recovered with
any mutation which reduced RT activity by >80 % of wild-type.1® Taken together,
these studies suggest that mutations in RT that decrease susceptibility to PFA also
impair viral growth kinetics.9.10.19.2021 To address this issue directly we examined
the replication capacity of PFA-resistant strains of HIV-1, with RT mutations
observed in in vitro selected strains, by both replication kinetic and growth

competition assays.

We initially examined the replication kinetics of the recombinant PFA-resistant
strains HX89K, HX92I and HX156A in parallel with the corresponding wild-type
strain, HX (Fig. 1A). Strains HX89K, HX92l and HX156A have the PFA resistance
mutations, E89K, L92!1 and S156A, respectively, which had been introduced by
site-directed mutagenesis into the HXB2-D genetic background.® These strains
exhibit a 12-, 7-, and 4- fold PFA resistance compared to strain HX as measured in
the HT4LacZ-1 cell line.6  Replication kinetics assays were performed in MT-2
cells22 which were cultured in RPMI 1640 medium as previously described.?3 At
least two independent assays were performed with each mutant. The titres of each
HIV-1 inoculum were determined in every assay by end-point titration and TCIDso
were calculated using the Karber formula.24 Culture supernates were removed

daily from duplicate wells for each isolate, until viral CPE involved 100% of the



cells (6 - 8 days post-infection). Supernates collected on each day were titred for |
infectious virus in the HT4LacZ-1 cell line as previously described.2> When MT-2
cells were infected with equivalent amounts of each virus [500 TCIDso / 120 000
cells; multiplicity of infection (MOI) of 0.004] there was no difference in the time to
peak infectious virus production (Fig. 1A), but there was a consistent reduction in
peak infectious virus production by strains HX89K, HX92I and HX156A compared
to HX (4.7 £ 1.8-,2.3% 0.5 - and 1.6 + 0.5- fold reduction, respectively). Increasing
PFA resistance was associated with increasing impairment of virus replication (r =
0.95; P = 0.05 by linear regression analysis). Serial passage of HX92l in the
absence of drug resulted in a strain which had reverted to PFA susceptibility,

confirming the reduced fitness of HX92l compared with wild-type (data not shown).

The HXB2-D infectious molecular clone of HIV-1 does not express the HIV-1
accessory profeins Vpu, Vpr and Nef.26 Since defects in at least one of these
proteins, Nef, effect proviral DNA synthesis??, the impact of PFA resistance
mutations in a genetic background containing a full complement of functional viral
proteins needed to be assessed. In addition, since these PFA-resistant strains
were recovered by homologous recombination of a 4.3-kb Hindlll fragment of
HXB2-D (used as the target for site-directed mutagenesis) with the molecular clone
pKPHXB2ART, mutations outside of the HIV-1 RT coding region, including gag, pol,
vif, vpr, rev, vpu, and tat (present in the Hindlll fragment), might contribute to PFA
resistance. To exclude these possibilities, we investigated the effect of the L92|
and S156A mutations on replication kinetics when inserted into a common LAI
genetic background. This infectious molecular clone has a full complement of
functional HIV-1 genes and was derived by mutagenesis of a 1.4-kb Xmal - Xba |

pol fragment which was cloned, after mutagenesis, into pXXHIV-1y5; .6:28

When MT-2 cells were infected with equivalent amounts of each virus (500 TCIDsg /

120 000 cells; MOI = 0.004) PFA-resistant strains clearly replicated less well than




wild-type, PFA-susceptible parental virus (Fig 1B). At day 5 postinfection, strains
LAI 921 and LAI 156A produced 3.0 £ 0.4 - and 1.8 + 0.3 - fold less infectious virus
than the wild-type parent (Fig. 1B). These data were similar to that observed for the
replication kinetics of the PFA-resistant clones HX92l and HX156A, relative to HX,
thus confirming that the L921 and S156A substitutions are sufficient to impair virus
fitness. However, when the experiment was repeated at a higher MOI of 0.017

(2000 TCIDso/120 000 cells), the PFA-resistant strains LAl 921 and LAl 156A

- appeared to replicate as well as the wild-type strain (Fig 1C); LAl 921 and LAl 156A

produced only 1.2- and 1.3- fold, respectively, less infectious virus than wild-type
parental virus after six days. These data show that replication kinetics assays are
influenced by the MOI used, and that the presence of functional accessory proteins

does not influence PFA resistance.

To assess the relative fitness of LAl 921 and LAl 156A compared to LAl, MT-2 cells
were infected with a 1:1 mixture of wild-type and mutant strain (i.e. a mixture
containing infectious titres of both viruses at an MOI of 0.01 PFU per cell). Titres
were determined in HT4LacZ-1 cells. Infected cells were incubated without drug
and progeny virus was serially passaged 5 and 8 times for the LAL:LAI 92| and
LAI:LAI 156A mixtures, respectively. At each passage, chromosomal DNA from
infected cells was purified as previously described® and the HIV-1 RT coding
region (codons 1- 244) was PCR amplified from proviral DNA with M13-tailed
primers using the Expand™ High Fidelity PCR system (Boehringer Mannheim,
Germany). The sequences of the forward and reverse primer pairs, designated
M13 5'v2 and M13Rcomb3, were as published.6 Amplification of HIV-1 proviral
DNA was performed in 100-ul volumes containing 10 pl of purified DNA in the
presence of 2.6U of a mixture of Taq and Pwo DNA polymerases, 200 uM of each
dNTP, 300 nM of each primer and 1.5 mM MgCl,. Amplification conditions
comprised one denaturation cycle (94°C for 2 min) followed by 10 cycles of

denaturation (94°C for 15 sec), annealing (50°C for 30 sec) and extension (72°C



for 1 min), followed by a further 25 cycles as the previous 10 cycles, with the
addition of 20 sec to each subsequent extension. PCR amplimers were purified
using the QlAquick PCR purification kit (Qiagen) according to the manufacturer’s
protocol. The ABI PRISM™ Dye Primer Cycle Sequencing Ready Reaction kits
with AmpliTag DNA Polymerase FS (Perkin Elmer, Foster City, CA) with either M13
forward or reverse primers were used for sequencing the M13-tailed amplimers.
The sequences of the sense and complementary strands of the amplimers were
analysed to detect codons 92 and 156, respectively. The proportion of mutant and
wild-type strains was determined by dividing the peak heights representing the
mutant and wild-type nucleotides by the sum of these peak heights obtained from

the same electropherogram.

The relative fitness of strains LAl 92 and LAl 156 compared to LAl was calculated
using the formula: p(t) = p(0)/q(0) x ()N x q(t): where p(t) and q(t) represent the
proportions of the less fit and more fit population at time t, p(0) and q(0) are the
proportions of these populations at time 0, N is the number of generations, and f is
the relative fitness of the less fit population with respect to the more fit population
as previously described.12. 29 This equation describes the effects of selection at a
single locus in an asexual haploid population, with the assumption of discrete
generations of virus replication.2® The number of generations, N, was assumed to
be 2 for a 6 day passage.'2 The relative fitness of the less fit population was

calculated from the slope of the plot In(p/q) versus N [where the slope = In(f)].

At passage one, the relative proportions of LAl to LAl 92| was 0.6 to 0.4 (Fig. 2).
With further passage in the absence of drug the proportion of wild-type sequence at
codon 92 (TTA) increased continuously and smoothly, and after 5 passages the
wild-type virus had become the predomi'nant species in the mixture (Fig. 2). From

this experiment, the LAl 921 strain was calculated to have a relative fitness of



0.5+ 0.14 compared to wild-type (set at 1.0). As a control to ensure that LAl 92|
was genetically stable over the course of the experiment, a pure population of
LAI 921 was passaged 7 times in MT-2 cells. No nucleotide substitutions other than

L92I were detected in RT codons 1 through to 142.

When MT-2 cells were infected with 1:1 mixtures of LAl 156A and LA, the relative
proportions of LAl to LAl 156A after one passage in the absence of drug was 0.6 to
0.4 (Fig. 3). Continued passage of the mixture in the absence of drug resulted in
outgrowth of wild-type sequence at codon 156 (TCA) over the mutant sequence
(GCA), and after 8 passages wild-type virus predominated (Fig. 3). The relative
fitness of LAl 156A compared to wild-type was 0.8 £ 0.13. A clonal population of
LAI 156A, passaged 8 times in the absence of drug, was genetically stable at RT
codons 100 through to 200.

This is the first report demonstrating that substitutions in RT (E89K, L92I and
S156A) that impart resistance to the pyrophosphate analogue, PFA, reduce the
replication fitness of HIV-1. Growth competition assays showed conclusively that
PFA-resistant strains of HIV-1 with either the L92] or S156A have impaired
replication fitness compared to the otherwise isogenic wild-type strain. PFA
resistance substitutions impaired replication fitness to a similar degree in both LAl
and HXB2-D genetic backgrounds, suggesting that defects in virion accessory

proteins, including Nef, do not contribute to the effects of these RT mutations.

The degree to which replication of PFA-resistant HIV-1 strains were impaired
increased in the order HX89K>HX92I>HX156A, exactly corresponding with
increasing levels of PFA resistance (r= 0.95; P = 0.05). A similar pattern was
observed for PFA-resistant strains in the LAl genetic background as LAl 92| was
less fit than LAl 156A. In addition, the relative fitness for these strains was

consistent with LAl 921 exhibiting a greater impairment of replication kinetics than



LAl 156A. Our calculations show a strong positive correlation (r=0.82; P = 0.004;
linear regression analysis) between the degree of PFA resistance and the relative
reduction in in vitro RT activity for the 10 mutations at codons 113, 114, 115 and
151 previously reported by Larder and colleagues to reduce RT susceptibility to
PFA.16.18 A similar calculation by us yielded a positive thodgh statistically
insignificant correlation (r = 0.45; P = 0.17, linear regression analysis) between
reduction in in vitro RT activity and PFA resistance for 10 mutations at codon 89.15
Our data, together with those of Larder and colleagues6.1® and Song and
colleagues’5, suggest a relationship between the degree of PFA resistance
conferred by single amino acid substitutions and impairment of RT activity. A
recent study has shown that single amino acid substitutions in the domain |l of CMV
polymerase, V715M and T700A, were responsible for both PFA resistance and a
slow growth phenotype3? perhaps suggesting that the impairment of DNA
polymerase activity by mutations conferring PFA resistance may not be confined to
HIV-1 RT. A previous study4 demonstrated that a PFA-resistant strain selected in
cell culture with the Q161L/H208Y substitutions had similar replication kinetics to
the wild-type strain HIV-1_4;. It is possible that either subtle differences in
replication kinetics was not observed by the assay system used or that no
differences exist. The mutations conferring PFA resistance that were examined in
this study were those observed in PFA-resistant strains of HIV-1 selected in cell
culture.5 Since the pool size and turnover rate of HIV-1 in vivo is much greater in
cell culture, in vitro selection identifies only the most frequent mutants and not
necessarily those with optimum fitness3! which may also contain compensatory
mutations.32 Growth competition assays using molecular clones with PFA
resistance mutations observed in patient isolates (W88S, W88G, Q161L, H208Y)
will be required to establish if impaired fitness is a feature of all mutations
conferring PFA resistance. Nevertheless, it is possible that second site mutations
may be selected in vivo, that compensate for the impaired replication capacity

imparted by single amino acid substitutions in the RT.
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A previous study with the BH-10 HIV-1 molecular clone showed that insertion of
S156A into the HIV-1 RT abolished RNase H activity while leaving the polymerase
activity intact, suggesting that such a virus would not be viable.33 It has been
suggested that S156A abolishes RNase H activity by reposiﬁoning the template-
primer on the HIV-1 RT to a position inconsistent with favourable catalysis of the
RNA:DNA substrate at the RNase H active site.33 However, we have shown in this
study that both the HX and LAI strains of HIV-1 with the S156A mutation were
viable, albeit with slightly impaired fitness; the replication competence of these
mutants was not due to mutations in other regions of the HIV-1 RT coding region,
although' the involvement of compensatory mutations in other regions of the HIV-1

genome cannot be excluded.

- Coffin34 has postulated that drug resistance mutations that confer a selective
disadvantage to the virus could result in the re-establishment of a lower steady
state level of virus replication compared to that present before drug selection,
resulting in a delay in disease progression in treated individuals. It has been
hypothesized that the impaired fitness imparted by mutations conferring lamivudine
resistance, M184V and M184l, is one possible explanation for the apparent long-
term in vivo antiviral activity of lamivudine monotherapy despite drug-resistant
mutants comprising 100% of the viral population within 12 weeks.35 With the
caveat that PFA-resistant strains in vivo are replication impaired, such strains could
similarly result in lower levels of virus production in PFA-treated patients even after
the emergence of strains with reduced susceptibility. Furthermore, mutations that
confer PFA resistance have been shown to phenotypically reverse zidovudine
resistance and result in delayed emergence of strains co-resistant to AZT and PFA
in vitro .6 Although PFA is far from an ideal antiretroviral®® our studies suggest that

it has desirable properties as an RT inhibitor. Development of PFA prodrugs or



other inhibitors of pyrophosphate exchange with improved pharmacological

properties should be considered.
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Figure 1. Replication kinetics of PFA-resistant strains of HIV-1 in MT-2 cells
infected at low MOI. Virus titres were measured by plaque assay of culture
supernates from MT-2 cells infected at equivalent multiplicities with the wild-type
strain HX or the PFA-resistant strains HX89K, HX92l and HX156A (A). Virus titres in
culture supernates of MT-2 ¢ells following infection with the wild-type strain, LAl or
the PFA-resistant strains LAl 921 and LAl 156A at an MOI of 0.004 (B) or 0.017 (C),

respectively. Data from representative assays of at least 2 performed are shown.
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Figure 2. Change in the relative proportions of mutant (LAl 921) and wild-type
HIV-1 (LAI) sequences with sequential passage of a mixture in cell culture. Growth
competition was performed in MT-2 cells starting with a mixture of equal amounts of

LAI and LAI 921 which was then passaged 5 times in the absence of drug.
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Figure 3. Change in the relative proportions of mutant (LAl 156A) and wild-type

HIV-1 (LAI) sequences with sequential passage of a mixture in cell culture. Growth
competition experiments were performed in MT-2 cells, starting with a mixture of

equal titres of LAl and LAl 156A which was subsequently passaged 8 passages in

the absence of drug.
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ABSTRACT

HIV-1 variants resistant to DXG, a potent and selective nucleoside analog HIV-1 RT
inhibitor, was selected twice by serially passaging HIV-1p 41 in increasing concentrations of drug
(30 M maximum). After 13 and 14 passages, variants with a 7.6- and 12.2-fold respective
increase in ICsy were isolated. Cloning of the RT region from resistant variants and subsequent
DNA sequence analysis revealed the presence of a K65R substitution (AAA to AGA) in 10 of 10
resistant clones from the first selection procedure. Susceptibility testing of an HIV-114; K65R
recombinant confirmed the K65R mutation’s role in conferring resistance to DXG. Cross
resistance analysis of the the HIV-1;4; K65R recombinant showed the K65R mutation confers
cross resistance to ddC, ddl, D4T, 3TC, PMEA, D-CAPD, D-FDOC, D-DAPD (P<0.05). No
change in susceptibility to AZT was observed in the K65R recombinant, however, when
introduced into an AZT resistant genetic backgound, the K65R mutation significantly reversed
AZT resistance (P<0.05). Cloning and DNA sequencing of resistant variants from a repeat
selection revealed the presence of an L74V mutation, a mutation previously reported for ddI
resistance (25). The L74V mutation was also found to increase AZT susceptibility when
introduced into an AZT resistant genetic background, but to a more limited extent than the K65R
mutation. From the results of this study it can be concluded that dioxolane and dideoxy
compounds select for common resistance mutations, suggesting these compounds should not be
used together in combination therapies. Additionally, results from this study indicate that dual

AZT/DXG therapy should be explored due to the K65R and .74V mutation’s suppressive effects

on AZT resistance.

HIV-1 Resistance to DXG
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Introduction

The development of drug resistant viral variants is one of the greatest obstacles faced by
researchers in the search for effective and useful treatments of human immunodeficiency virus
type 1 (HIV-1) infection. Resistant viral variants have emerged in response to every class of
antiviral compound, including nucleoside analogue reverse transcriptase (RT) inhibitors,
nonnucleoside RT inhibitors and protease inhibitors. Additionally, variants resistant to
combinations of antiviral compounds have been reported (4). Problems associated with
toxicities, side effects and dosage requirements also hinder the development of effective and
useful treatments of HIV-1 infection.

In response to the shortcomings and problems associated with many of the anti-HIV
agents now in use, a vast number of antiviral agents have been developed. Testing each of these
antiviral agents in clinical trials is neither economically feasible nor practical, making in vitro
analysis a vital aspect of preclinial drug development. Previous studies have demonstrated that
in vitro selection and characterization of resistant strains is a useful means of predicting both the
mechanisms of drug resistance for specific compounds (22) as well as the time course for the
development of resistance mutations (12). In vitro studies are also useful in predicting which
resistance mutations will arise during clinical use of the antiviral (22). Knowledge of the
mechanisms and time course of resistance can pinpoint the most promising antivirals, which can
subsequently be taken to clinical trial. Additionally, in vitro studies can identify good candidates
for combination therapy by identifying cross-resistance mutations as well as suppressor

mutations that result in the phenotypic reversal of resistance (5, 12, 13). This type of information
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is crucial for the development of effective drug combination protocols.

(-)-B-D-dioxolane guanosine (DXG), was recently synthesized by Schinzai and Chu and
licensed to Triangle Pharmaceutical (7). DXG is a purine nucleoside analog with the natural D-
configuration, and is both a potent and selective inhibitor of HIV-1 and HBV in vitro (3, 7, 20,
24). A unique feature of DXG is the substitution of a dioxolane ring system for the sugar
moiety found in natural cellular nucleosides (7). The structure of DXG is illustrated in Figure 1
(7). The triphosphorylated form of DXG is recognized as substrate by viral reverse transcriptase
(RT) and subsequently incorporated into DNA. This incorporation ultimately results in chain
termination due to DXG’s lack of the 3'C-OH moiety necessary for chain extension (Figure 1).
The median effective concentration (ECsp) of DXG is 27 nM in activated periferal blood
mononuclear cells (PBMC), making it the most potent of the purine analogs against HIV-1 in
PBMCs. In addition, DXG has no apparent cytotoxity up to 100 pM. One potential drawback to
DXG is its limited aqueous solubility (3), however, promising prodrugs of DXG are available.
The compounds (-)-B-D-diaminopurine dioxolane (DAPD) and (-)-B-D-2-amino-6-chloropurine
dioxolane (ACPD) undergo biotransformation in vivo to yield DXG and have favorable
pharmakokinetic properties (3, 20). DXG is presently in the preclinical phase of development,

and this study was undertaken to determine the potential for the development and mechanisms of

HIV-1 resistance.
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MATERIALS AND METHODS

Chemicals

Beta-D-guanosine dioxolane (DXG), 2°,3’-dideoxycytidine (DDC), 3’-azido-3’-
deoxythymidine (AZT), 3’-deoxy-2’,3’-didehydrothymidine (D4T), 2°,3’-dideoxy-3’-
thiacytidine (3TC), B -D-2-amino-6-chloropurine dioxolane (ACPD), B -D-2, 6-diaminopurine
dioxolane (DAPD), 9-(2-phosphonylmethoxyethyl)adenine (PMEA) and D-dioxolanyl-5-
fluorocytosine (D-FDOC) were provided by R. Schinzai (Emory University, Atlanta, GA). 2’,3’-
dideoxyinosine (DDI), and phophonoformate (PFA) were purchased from Sigma Chemical
Company, St. Louis, Mo. The antiviral compounds were prepared as 10 or 30 uM stock
solutions in sterile water or dimethyl sulfoxide as appropriate and stored at -20°C. Stock
solutions were diluted to the appropriate concentrations with RPMI 1640 (Whittaker MA
Bioproducts, Walkersville, MD) immediately before use.
Cells

MT-2 cells (AIDS Research and Reference Reagent Program, National Institute of
Allergy and Infectious Diseases, National Institutes of Health; contributed by D. Richman) were
cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS; JRH
Biosciences, Lenexa, KS), 2 pM L-glutamine, 10mM HEPES buffer, and antibiotics (50 TU/ml
penicillin, 50 vg/ml streptomycin). PBMCs were isolated from HIV-1 seronegative donors and
PHA (10 pg/ml; Difco Labs, Detroit, MI) activated three days prior to infection with HIV-1. At
the time of infection, PBMC were transferred to and maintained in RPMI 1640 medium
supplemented with 10% FBS, 2 uM L-glutamine, 10% interleukin-2 (Cellular Products, Buffalo,

NY) and antibiotics.

Viruses
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Stock preparations of HIV-1; 41 were prepared as previously described (19). Briefly,
MT-2 cells were electroporated with 10pg of plasmid DNA encoding the HIV-1p4; proviral
genome. Culture supernatants were harvested 5 to 7 days postinfection at peak viral cytopathic
effect. Prior to selection for DXG resistant virus, the plasmid derived virus was passed 10 times
as cell-frée virus in MT-2 cells. The infectivity of the virus preparation was determined via
threefold endpoint dilution in MT-2 cells (six cultures per dilution), and the 50% tissue culture
infective dose (TCIDsy) was calculated via the Reed and Muench equation (21).

Selection of Resistant Viruses

DXG resistant virus was selected twice by serially lpassaging HIV-1pa1in MT-2 cells in
increasing concentrations of DXG. MT-2 cells (1.0 X 10°) were pretreated with DXG for 2
hours prior to inoculation with HIV-114;. Virus replication was measured by daily monitoring of
viral cytopathic effects (CPE). At +2 CPE, the culture fluids were clarified by centrifugation
(200 x g for 10 minutes) and the supernatant was harvested. A 1.0 ml aliquot of the harvested
supernatant was subsequently used to initiate a new passage in fresh MT-2 cells at a higher
concentration of DXG. Virus was passaged two to three times at each concentration, depending
on how successfully virus grew at the drug concentration. The selective pressure was increased
from an initial DXG concentration of 2.5 pM to a final concentration of 30 uM during the course
of 13 (selection #1) and 14 (selection #2) passages. Following every two passages the Logj
reduction in viral infectivity in 30uM DXG was measured to monitor the passaged virus for a
reduction in susceptibility to DXG, as previously described (18).

Antiviral Susceptibility Determinations

Virus susceptibility to DXG was determined in MT-2 cells as previously described (18).

Briefly, MT-2 cells were infected with a multiplicity of 0.01 TCIDs, per cell in the presence of
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serial DXG dilutions. Each dilution was tested in triplicate. Culture supernatants were
harvested day 7 post infection and assayed for p24 antigen production using a commercial assay
(Dupont, NEN Products, Wilmington, Del.). Virus susceptibility to DXG was also determined in
PBMCs as previously described (23).

Cloning and DNA sequencing of HIV-1 RT

HIV-1 RT was cloned from infected cell lysates as previously described (16, 17). The
full-length RT coding region was PCR amplified and ligated into a PCRII TA cloning vector

(Invitrogen, San Diego, CA). Escherichia coli INVaF’ were subsequently transfected with the

vector, and transformants were identified via EcoRI digestion. Plasmid DNA from transformants
was purified (Quiagen Inc., Chatsworth, CA) and sequenced as previously described (18, 19).

Production of Mutant Recombinant HIV-1

Generation of mutant recombinant HIV-1 was performed as previously described (17).
Mutant RT was generated via oligonuecleotide-directed mutagenesis and ligated into the
pXXHIV-1;arcloning vector. Cloning was facilitated by the presence of two silent restriction
sites at the 5' and 3' ends (Xmal and Xbal, respectively) of pXXHIV-141 RT (16, 17). Infectious
mutant recombinant HIV-1 were generated by electroporating MT-2 cells with the mutated
pXXHIV-1y 41 clone. The RT region was PCR amplified from infected cell lysates and
sequenced to verify the presence of the desired mutations.

Statistics

The Wilcoxon rank sum test for independent sample means was used to test the
significance of the observed differences in mean ICsps. One-tailed tests were used in comparing
the ICsos of wild-type and recombinant viruses as the hypothesis tested was the ICs values for
recombinant viruses were greater than the ICsy values for wild type viruses. Additionally, one-
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tailed tests were used in comparing the ICs cross-resistance values as the hypothesis tested was

the HIV-1; 5 wild type ICsos were less than those for the HIV-11 41 K65R recombinant.

Molecular Modeling

Calculations were performed on a Silicon Graphics Indy workstation using SYBYL 6.1a
software (Tripos Associates, St. Louis, MO). DDI, DAPD and DXG were constructed using
routines available in SYBYL. The geometries of the molecules were optimized and charges were
generated using PM3 hamiltonian in MOPAC interface. A grid search was performed on each
molecule with 300 increment about the rotatable bonds O2-N1-C1°-04’ and C3’-C4’-C5’-05’.
The global minimum conformation was further relaxed. Energy minimizations were performed
using Tripos force field with MOPAC charges, using conjugate gradient method. These
molecules were superimposed for comparisons. The molecules were fit by “fit atoms™ option in
SYBYL, using N1, C2, N3, C4, N7, C8, N9 and C1’ atoms in such a way that the RMS deviation

is minimized.

HIV-1 Resistance to DXG
Page 8 of 18



RESULTS

Selection of DXG resistant HIV-1y 4; variants in vitro was accomplished by serial passage
of virus in MT-2 cells in the presence of increasing concentrations of DXG. To increase the
heterogeneity of the starting virus population, HIV-14; was passaged 10 times prior to the start
of selection. As shown in Figure 2, the ICsy of DXG increased only slightly during the first 6
passages. Variants with distinctly decreased susceptibility, however, emerged during passage 10,
with a 5 fold increase in the ICsy of DXG. Subsequent passages resulted in the emergence of
DXG resistant variants with even greater resistance capabilities. Susceptibility testing of variants
from passage 13 found the ICsy of DXG had increased 7.3 fold when compared to the control
HIV-1p a1 passaged in the absence of drug (from 1.6 to 11.6 pM).

The in vitro selection for DXG resistant virus was repeated a second time using the same
methods. The second selection yielded a similar outcome (data not shown) with an ICsy of 15.9

M in variants from passage 14, a 12.2 fold increase from the baseline ICs.

Genotypic Analysis. To determine the molecular basis for DXG resistance, the RT
region of proviral DNA was PCR amplified from infected cells of passages 13 (selection #1)and
14 (selection #2), and analysed by DNA sequencing. Additionally, the proviral DNA amplified
from control cells was sequenced. DNA sequencing revealed the prescence of a lysine to
arginine mutation at position 65 (AAA — AGA) in 10 of 10 resistant clones from selection #1.
The K65R mutation was not seen in any of the control clones (0 of 10). Sequence analysis of
clones from selection #2 revealed the presence a leucine to valine mutation at position 74
(ATT—-AGT) in 8 of 10 resistant and 0 of 10 control clones. The two single mutations described
above were the only mutations identified in their respective clones. Additionally, no other

mutations in the RT region were found in more than one clone from either selection procedure.
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Susceptibility of recombinant viruses. To characterize the role of the K65R and L74V
mutations in conferring resistance to DXG, each mutation was individually introduced into a
wild-type background. Additionally, each mutation was individually introduced into an AZT
resistant background (67N/70R/215Y/219Q). Introduction of these mutations into a wild-type
background was necessary to determine if the K65R and/or L74V mutations were necessary and
sufficient for the observed resistance to DXG as well as to determine if the K65R mutation
confers cross-resistance to other antiviral agents. Introduction of these mutations into an AZT
resistant background was necessary to ascertain the K65R and/or L74V mutations effects on
AZT resistant variants. The susceptibilities of these mutant recombinant viruses to DXG and
AZT were assayed in MT-2 cells via inhibition of P24 antigen productioh and are summarized in
Table 1. The K65R mutation resulted in a level of resistance to DXG similar to that observed
with the DXG-resistant virus selected during selection #1. The K65R mutation decreased HIV-
Iar’s susceptibility to AZT in a wild type background (P<0.05), however, when introduced into
an AZT resistant background, K65R actually increased the virus’ susceptibility to AZT (P<0.05).
The L74V mutation resulted in a level of resistance lower than that observed with the DXG-
resistant virus sélected during the second selection procedure. That is, the L74V mutant
recombinant only displayed a 4.2 fold increase in ICsy, whereas resistant serially passaged virus
displayed a 12.2 fold increase. Additionally, L74V did not significantly reduce HIV-1y41’s
susceptibility to AZT in a wild type background (P=0.19). The L74V mutation did, however,
increase HIV-1p1’s susceptibility to AZT when introduced into an AZT resistant background
(P<0.05), but to a smaller extent than K65R (see Table 1).

Cross Resistance

The HIV-11 41 K65R recombinant was tested for its susceptibility to a number of antiviral
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agents in MT-2 cells and in PBMC:s to determine the level of cross-resistance conferred by the
K65R mutation. The susceptibility of the HIV-1; 41 K65R recombinant virus to the antiviral
agents tested is summarized in Table 2. In MT-2 cells the K65R mutation significantly reduced
HIV-11ar’s susceptibility to the other dioxolane derivatives tested (DCAPD and DDAPD)
(P<0.05), as well as conferred cross-resistance to ddI, ddC, PMEA, 3TC, D4T, (P<0.05). The
K65R mutation had no affect on HIV-114; s susceptibility to AZT. The HIV-1pa; (L74V)
recombinant’s susceptibility to other antiviral agents was not determined.

Computer Modeling

Figure 3 illustrates the results of the computer modeling. The pictures of the fit of the
atoms show a conformational difference among ddI, DAPD and DXG. DAPD and DXG seem to
be closely related when the pseudorotation angle and other torsional angles are compared.
However, ddI has a different sugar conformation than DAPD and DXG. The longer bond length
of C2'-03' in DAPD and DXG than C2'-C3' in ddI and the electronic effects of O3' play a key
role in providing unique conformation to DAPD and DXG. Though this does not explain the in
vivo behavior of these compounds, it does show a difference in the preferential conformations of

these nucleosides and probably a different mode of interaction with the target site.
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DISCUSSION

HIV-1 variants resistant to DXG, a nucleoside analog RT inhibitor, were selected twice
by serially passaging HIV-1y 4| in increasing concentrations of drug. After 13 and 14 passages,
variants with a 7.6- and 12.2-fold respective increase in ICs, were isolated. Sequence analysis of
the RT region of resistant variants revealed the presence of a K65R mutation in resistant variants
from the first selection procedure. Susceptibility testing of an HIV-1;4; K65R recombinant
confirmed the K65R mutation’s role in conferring resistance to DXG. Cross resistance analysis
of the HIV-114; K65R recombinant showed the K65R mutation confers cross resistance to ddI,
ddC, D4T, 3TC, PMEA, D-CAPD, D-FDOC, D-DAPD (P<0.05). Conversely, the K65R
recombinant showed little change in susceptibility to AZT (Table 2). When introduced into an
AZT resistant background, however, the K65R mutation significantly reduced AZT resistance
(P<0.05). These results are similar to those of another study (27) which found that the K65R
mutation results in resistance to ddC, cross resistance to ddI and no change in susceptibility to
AZT. Sequence analysis of resistant variants from selection #2 revealed the presence of an
L74V mutation. The ICsy of an HIV-14; L74V recombinant was less than the 1Csy of the DXG
resistant virus selected in culture, indicating 174V was not the sole mutation responsible for the
observed DXG resistance. While the L74V mutation was present in 8 of 10 resistant clones, no
other mutations were found in more than one clone. The L74V mutation was also found to
increase AZT susceptibility when introduced into an AZT resistant background, but to a more
limited extent than the K65R mutation. A study by St. Clair, et al., identified the L74V mutation
in ddI resistant variants isolated from patients who had changed from AZT to ddI therapy and
determined that L74V confers cross resistance to ddC and increases susceptibility to AZT (25).

Differences in selection methodologies have been shown to yield different resistance
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mutations (9). In this study, however, the exact same methods yielded two different resistance
mutations during the course of the selection procedures. As previously mentioned, HIV-1; A1 was
passaged 10 times in the absence of DXG prior to the start of the selection procedures, resulting
in an increase in the heterogeneity of the starting virus pool. Recently, Kinjerski and Buckheit
(8) reported that the genetic composition of the starting virus pool may result in genotypic
differences of in vitro selected resistant viruses. In this study, the selection of two distinct
resistant mutants was probably due to the heterogeneity of the starting virus pool. By chance two
different resistant quasispecies present in the starting virus pool were selected for during the
course of the selection procedures.

The existence of AZT suppressor mutations have been reported in other studies, but the
K65R and L74V mutations are the first nucleoside analog RT inhibitor resistance mutations
having suppressive effects on AZT resistance to be described. L1001 (2), Y181C (11, 12) and the
foscarnet resistance mutations (W88G, E89K, L92I, Q161L) (26), have also been shown to
suppress AZT resistance when introduced into an AZT resistant background. The L100I and
Y181C mutations confer resistance to nonnucleoside reverse transcriptase inhibitors while the
foscarnet resistance mutations confer resistance to a PP; analog. The K65R and L74V mutations
confer resistance to dideoxy (6, 15, 25, 27) and dioxolane nucleoside RT inhibitors, while
suppressing the mutations responsible for conferring resistance to AZT, another nucleoside
analog RT inhibitor. Thisis a significant finding given that DXG and AZT target the same sight
of HIV-1 RT, but appear to have counteractive resistance mutations. Additional studies on the
interactions between the AZT resistance mutations and K65R and 174V would provide
additional insight into this phenomenon.

The selection of the same resistance mutations by ddC and DXG as well as the extent of
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the cross resistance conferred by these resistance mutations is a result of these nucleoside analogs
interacting with the active site of RT in very similar fashions. Similarly, the lack of cross
resistance conferred by K65R and 174V to AZT is a result of AZT’s dissimilar interaction with
the active site of RT compared to that of DXG and other dioxolane and dideoxy compounds.

The azido groﬁp of AZT prevents the formation of 3',5' phosphodiester bonds and thus inhibits
DNA synthesis, whereas the lack of the 3'C-OH moeity of other nucleoside analogs prevents
chain elongation and thus terminates DNA synthesis. Different mutations of the RT active site
would thus be required to counteract the inhibitory actions of each of these antivirals.

Gu, et al., reported the K65R mutation confers resistance to ddC, and noted that positions
65 to 71 of RT play important roles in RT binding of dNTP substrates (6, 10). Martin, et al., also
reported finding the L74V mutation results in altered substrate recognition. Several AZT
resistance mutations (67N and 70R) also lie in this region. Thus, the K65R and L74V mutations
function to alter HIV-1 RT recognition of substrate, and the changes to the IKKK motif probably
diminish the efficacy of the 67N and 70R mutations at reducing RT’s susceptibility to AZT.

The results of this study yield several important conclusions. First, there are common
patterns of resistance to dioxolane and dideoxy nucleotide analogs, which suggest that these
compounds should not be used in combination with one another. Second, the lack of cross-
resistance to AZT, indeed the reversal of AZT resistance by DXG resistance mutations, strongly
supports the notion that therapies using biochemically unrelated compounds will be more
efficacious than biochemically related compounds (4). Combination therapy of DXG and AZT

should therefore be given further consideration.
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Table 1 - DXG-AZT Mutational Interactions

Susceptibility to:
DXG* AZT*
Variant® IC,, Fold IC,, Fold
(uM)© Resistance (UM)* Resistance

HIV-1, ,; (wild type) 0.278 + 0.04 - 0.003 + 0.000 -
HIV-1, ,; (K65R) 24100346  8.67 0.010+0.003 33
HIV-1,,, (L74V) 1.168 £ 0.256 4.20 0.006 + 0.002 1.93
HIV-1, ,; (4XAZT) 0.575+£0.172  2.07 0.143+£0.043 477
HIV-1, ,, 4XAZT+K65R) 1.400£0.16 5.04 0.004 £ 0.0004 1.33
HIV-1, , (4XAZT+L74V)  1.040+0.144  3.74 0.019£0.006 633

a Recombinant provirus genome
b Mean + standard error (n = 3).
¢ AZT resistant strain with mutations 67N/70R/215Y/219Q




Table 2 - Resistance and Cross-Resistance of the HIV-1,,; (K65R) Recombinant

Result in:

MT-2 Cells® PBMCs®
Antiviral IC,, Fold Mean Fold
Agent (UM)° Resistance? EC,, (uM) Resistance?
DXG 0.278 £0.04 8.67 5.50 8
AZT 0.040 £ 0.01 0.33 0.09 2
ddC 6.580 £ 0.96 3.13 0.30 45
ddI 14.18 £2.08 3.08 1.42 17
D4T 18.43 £ 3.64 3.04 0.52 6
3TC >60+0.00 >14.2 0.02 1
PFA 66.33 +1.83 2.99 29.00 40
DCAPD 12.90 £ 2.23 3.74 17.00 33
DDAPD 10.02 £1.397 4.54 8.05 10
DFDOC 2.63 +£0.365 7.74 ND ND
PMEA >60 £ 0.00 >4.37 4.46 3

a IC50 determined via P24 antigen assay. See Materials and Methods.

b 77

¢ Mean =+ standard error (n =3 or 4).
d Fold resistance relative to IC,, of parental virus.



Figure Legends
Figure 1.
Figure 2.

Table 1.

a Recombinant provirus genome

b Mean = standard error (n = 3).

¢ AZT resistant strain with mutations 67N/70R/215Y/219Q

Table 2.

a IC50 determined via P24 antigen assay. See Materials and Methods.
b 17

¢ Mean = standard error (n=3 or4).
d Fold resistance relative to IC, of parental virus.

Figure 3.



Figure 1 - Chemical Structure of DXG

2R O 4R
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Figure 2 - In Vitro Resistance to Dioxolane G
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